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PREFACE

In order to preserve anadromous fish habitat, the John Day Reservoir

must be lowered several feet below design level during salmon migration

season. The shore lines, structures, and offshore area protection are designed

for a higher water level and the steep slopes are usually stable at the present

design level. Ancient landslides of immense dimensions are located along the

north shore of the John Day Reservoir. Lowering the water level creates a

strong possibility that old landslides will reactivate. This can have adverse

effects on transportation routes, such as Highway 14, the Burlington Northern

Railroad, and other property values. In an effort to prevent such losses, this

research was designed to survey the landslides for reactivation potential.

The John Day Reservoir, which is also called Lake Umatilla, is a large

reservoir between the John Day and McNary Dams on the Columbia River. Lake

Umatilla extends 77 miles (130 km) from river mile 215 to mile 292 as measured

from the mouth of the Columbia River.

Salmon populations have shown an immense decline in the Columbia

River. Adult salmon traveling upstream to spawn and young juvenile salmon

migrating downstream to the Pacific Ocean are threatened by the large dams

which were built to provide hydroelectric energy and aid navigation. In addition

to impeding salmon migration, these dams decrease the velocity of water

needed to provide adequate salmon habitat, thus contributing significantly to the

salmon decline.



To save the endangered habitat, drawdowns of reservoirs during the

salmon migration season have been suggested (U.S. Army Corps of Engineers,

Sept. 1993, Jan. 1994, April 1994). These drawdowns are designed to increase

the velocity of the river for downstream fish travel. The John Day Reservoir is

normally managed at operational levels between 262 and 268 feet (79.9 and

81.7 meters) from the base of the dam. It is proposed to operate the reservoir at

a 10-feet-lower (3.05-meter-lower) level during the salmon migration season

from May to August. The proposed minimum water level would be at 257 feet

(78.3 meters). However, shoreline protection, structure protection, and the

management of the oftshore area are designed for the water level to be between

262 and 268 feet (79.9 and 81.7 meters).

The northern shoreline of Lake Umatilla consists of steep slopes that have

reached a relatively stable equilibrium with respect to the Columbia River's

regulated flow and the operating water level of Lake Umatilla. The water level

would fluctuate from its designed operational level to the low water level during

salmon migration. Fluctuating water levels cause slope instability and erosion

due to lubrication and fluctuating buoyancy of the toes of mass movements on

the northern shoreline of Lake Umatilla. Drawing down the water level of a lake

that has had a stable water level for decades may cause bank erosion of the

new lower banks, since no protective vegetation has been developed.

Shoreline instability might reactivate old landslides in the Alderdale area

on the northern shore of the Columbia River. This study investigates the

possible danger of reactivating the toe of old landslides, which can cause major



landsliding and impact Highway 14 and the Burlington Northern Railroad located

on the steep northern shore of the John Day Pool.

This research has surveyed the landslides on the north shore of Lake

Umatilla to note the potential for reactivation if the water level drops to 257 feet

(78.3 meters). This survey has shown that a moderate risk of increased mass

wasting activity may result because of proposed pool elevation changes at

several sites. For example, the area north of Alderdale seems to be highly

unstable. High slide susceptibility has also been delineated for the north shore

between river miles 239 and 259.



MORPHOMETRIC ANALYSIS OF LANDSLIDES AND SLOPE
STABILITY ON THE NORTH SHORE OF THE JOHN DAY

RESERVOIR, COLUMBIA RIVER, OREGON AND WASHINGTON

1. Introduction

1.1. OBJECTIVES AND HYPOTHESIS

'The formula of a problem is often more essential than its
solution, which may be merely a matter of mathematical or
experimental skilL To raise new questions, new possibilities, to
regard old questions from a new angle, requires creative
imagination and marks real advances in science."

Albert Einstein (Einstein and Infeld, 1938)

The purpose of this investigation is to conduct a geomorphic analysis of

the slope stability of the north shore of the John Day Reservoir, to collect

information about the historical and present conditions of the area, and to

achieve an understanding of potential slope instability. The motivating factors for

this study include concerns about landslide activation or reactivation along the

north slope of the John Day Reservoir. The occurrence of landslides, or other

mass failures, are of special concern because they could have adverse effects

on Highway 14 and the Burlington Northern Railroad. The research conducted

here will contribute to addressing the above mentioned concerns by providing an

analysis of all current north slope landslides and providing information on

historical and current stability conditions of the area.



1.2. RESEARCH STRUCTURE

"It is impossible to undertake any kind of research without
being perpetually made aware that the truth is plying us with
suggestions, the past prodding us with hints, and if no benefits
result from such assistance, it is not the fault of our heavenly
helpers but of our all too human obtuseness."

Cyril Conolly (Edwards, 1986)

1.2.1. Preliminary Studies

The preliminary studies for this research included the acquisition, review,

and evaluation of previous studies, projects, and existing geologic, geomorphic,

engineering, and photographic information on the study area. Information on the

topography, soils, and hydrology of the study area were acquired. The regional

and local geology and geomorphology were described.

1.2.2. Data Collection and Analysis

Mass movements and their geographic extent were located and mapped

using panchromatic aerial photographs and topographic maps. All aerial

photographs were interpreted, and landslide susceptible terrain was defined. All

mass movements were delineated on photograph overlays. Color infrared

photography was utilized to confirm the delineations. The delineated mass

movement areas were transferred to a map using the Zoom Transfer

Stereoscope. Aerial videography was acquired over the study area and utilized

to verify the work completed from aerial photographs and to identify

2



3

representative accessible areas for ground truthing. Some representative

landslides were field checked for accuracy of the aerial photo interpretation.

1.2.3. Data Analysis

The identification of geomorphic processes through visual classification

using aerial photographs and airborne videography was the first step in the data

analysis. The mass movement form characteristics including length and width of

the concave and convex slide area were measured using aerial photographs and

topographic maps. Estimates for the depths of the concave and convex slide

areas were obtained using the visually identified geomorphic process groups and

the by Crozier (1973) determined process group - depth relation. The

morphometric indices of depth, dilation, tenuity, viscous flow, flowage, and

displacement were calculated. The direction of landslide movement and the

present geomorphology were described using aerial videography and aerial

photographs.

The identified and classified mass movements were analyzed using

morphometric analysis. The degree and type of the mass movements

delineated were characterized. The Depth Index was determined to obtain a

relative measure of surticiality. Dilation and Tenuity Indices were calculated to

obtain a measure of the degree of spread in the lateral and downslope axial

directions, respectively. Regressions of spread indices (Dilation and Tenuity

Indices) against slope were determined. The Displacement Index was calculated
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to determine the stage of development of the landslide and to provide a rough

guide to the residual stability of the slope.

The geologic and geomorphic settings of the north shore of the John Day

Pool were evaluated. The morphometric indices were calculated to estimate the

slide susceptibility of the mass movements delineated. The applicability of

Crozier's (1973) morphometric analysis for mass movements of such large

dimensions as those in the study area was evaluated.

Geomorphic processes and impacts were discussed. Current slope

stability and slide susceptibility were estimated. A map of the study area

showing landslides of high reactivation potential close to Highway 14 and the

Burlington Northern Railroad was prepared to illustrate the issue of interest.



2. Literature Review

"There is first the literature of knowledge, and secondly, the literature of

power.."

Thomas De Quincey (1785 - 1859), in Cumberlege, 1953)

2.1. GEOLOGY, GEOMORPHOLOGY AND SOILS OF THE STUDY AREA

Many publications deal with the geology of the Columbia River Gorge.

However, publications dealing with the geologic history or the geomorphology of

the Columbia River area east of The Dalles Dam are not available. In his book

The Magnificent Gateway (Allen, 1979), John Eliot Allen covers the area

between Council Crest City Park, Portland to The Dalles Dam, which is a 95.9

mile (154.3 kilometer) route along the Scenic Highway. His descriptive geology

of the Columbia River Gorge ends at The Dalles Dam, which is about 12 miles

(19.3 kilometers) west of the John Day Dam. The book Geology of the Columbia

River Gorge (Williams, 1991) also uses Allen's geologic description as a basis

and does not cover the area of interest. The Columbia River Gorge: Basalt

Stratigraphy, Ancient Lava Dams and Landslide Dams (Waters, 1973) only

covers a few selected areas of interest in a stretch from Portland to the Ortley

Anticline, mile 83.9 (kilometer 135), approximately 3.4 miles (5.5 miles) east of

the Town of Lyle. Studies covering areas east of the Dalles Dam are not known

to the author of this thesis. Palmer's (1977) article about Large Landslides of the

5
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Columbia River Gorge, Oregon and Washington describes large landslides west

of the area of interest only.

A soil survey for Klickitat County, Washington, has not been published

yet. However, an open file report of the Soil Survey of Klickitat county as well as

the Soil Survey of Benton County, Washington were used for this study. The

Soil Survey of Benton County, Washington, contains soil maps on a scale of

1:20,000 based on aerial photographs and soil series descriptions.

2.2. LITERATURE ON MASS MOVEMENT THEORIES

General mass movement theories concentrate on the physical processes

involved in mass movements. As early as 1920, Radbruch-HalI (1920)

introduced a "Landslide Overview Map of the Conterminous United States". This

map is available through the U.S. Department of the Interior, Geological Survey.

Shame (1939) published one of the first descriptive landslide studies.

According to Coates (1977), the works by Heim (1932), Shame (1939), Eckel

(1958), and Zaruba and Mend (1969) have proven most influential on landslide

research. The currently used nomenclature, which represents the most

important concepts of mass movements, such as those described by Shame

(1939), Vames (1958), and Zaruba and Mend (1969), names falls, slides, flows,

and subaqueous slides as types of mass movement and processes (Coates,

1977).
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Most studies published in the 1950's and 1960's deal with landslides

caused by earthquakes. Due to the increase in human-induced causes for mass

movements, landslide research, case studies and regional studies seem to reach

their climax in the 1970's. With the technological advancement of society and

the introduction of advanced earthmoving equipment, hillslopes could be

changed to create anthropogenic landscapes, dams were constructed, and

highways and railroads were built. The alterations of natural hilislopes caused

an increase in human-induced mass movements leading to an increase in

landslide related research and publications in the 1970's. Studies on landslides

in the vicinities of reservoirs and along transportation routes were published

during that time period. Regional studies on landslides in the Pacific Northwest

include Palmer's (1977) study on "Large Landslides in the Columbia River

Gorge, Oregon and Washington" and Swanson and Swanston's (1977) study on

"Complex Mass-Movement Terrains in the Western Cascade Range, Oregon".

Palmer's (1977) study concentrated on ancient landslides, such as the

Bonneville landslide, in the Columbia River Gorge, to the west of the study area.

The landslides described by Palmer (1977) occurred about 700 years ago.

Palmer uses a geological approach for his study. Due to the rapidly changing

environment of the Columbia River Valley from the Columbia River Gorge to the

desert east of the Cascades, Palmer's (1977) study does not explain any

processes occurring in the study area.

The vast majority of mass movement publications deal with mass

movements that are of significantly smaller dimensions than those observed in
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the study area. Recent publications of interest include the "Mechanics and

Stability of the Lookout Creek Earthflow" (Pyles, Mills, and Saunders, 1987),

Benda's (1990) study on "The Influence of Debris Flows on Channels and Valley

Floors in the Oregon Coast Range, U.S.A.", and Daniel A. Marion's (1981) thesis

on the "Landslide Occurrence in the Blue River Drainage, Oregon". Morgan and

Rickson (1995) published "Slope Stabilization and Erosion Control", a collection

of papers focusing on the bioengineering approach to slope stability

assessments and landslide evaluation.

Crozier's (1973) publication on 'Techniques for the Morphometric Analysis

of Landslips" is frequently referenced in this thesis. Crozier's (1986) publication

on "Landslides: Causes, Consequences & Environment" introduces a

classification of slope movements. The morphometric classification of mass

movement processes developed by Crozier (1973) is one of the focal points of

this thesis. Crozier (1986) also concentrates on causes of slope instability as

well as on several environmental and geomorphic models for the development of

instability.
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2.3. THE USE OF AERIAL PHOTOGRAPHY FOR LANDSLIDE ASSESSMENT
AND SLOPE STABILITY ANALYSIS

Aerial photography is frequently used to analyze landslide hazards.

Gagnon (1975) analyzed landslide hazards on quick clays of Eastern Canada

using remote sensing. He developed a system for landslide detection utilizing 20

factors which were established from aerial photography of landslides occurring

on post-glacial marine silts and clays in Eastern Canada. The system uses

aerial photographs to distinguish slope factors from upper surface factors. This

system was used in this study to separate slump risks from clayey outflow risks.

Conventional aerial photography was used for landslides that occurred

before 1971. Characteristics that can be detected or measured on aerial

photographs and features with a definite diagnosis of danger were the two

aspects the analysis concentrated on. Panchromatic aerial photographs were

the most important source of information. The systematic analysis followed in

the aerial inventory of landslide hazards used panchromatic aerial photographs

at a scale smaller than 1:40,000 for the regional analysis of drainage pattern,

geomorphological units, bedrock topography and structural pattern, soil texture

units and old landslide scar concentrations.

Previous clayey outflows were studied in detail by analyzing

panchromatic air photos at a scale of approximately 1:36,000. This scale is

suitable for the detection of lobate saturation zones, texture of the materials, and

drainage conditions according to Gagnon (1975).
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Panchromatic color photography has advantages for landslide detection

studies because the main complementary information relates to the typical color

of soil, the detection of infiltration lines, and sand-silt cover. Gagnon (1975)

illustrates the use of black-and-white infrared photography in his study with an

image showing a high groundwater table and a lobate saturation zone. He used

a Cronar black and white infrared film, focal length of 152 mm (5.89 inches), and

an altitude of 555 m (1,821 feet) above sea level. A minus blue filter was used to

filter out scattered blue radiation causing haze, decreasing the contrast on the

image.

Black and white infrared photography is important for water and moisture

analysis. Gagnon (1975) names ground water table level, saturation zones, high

water content surface material, seepage lines, surface drainage, saturating water

bodies, and infiltration lines as features that should be checked using black and

white infrared imagery.

However, slope analysis may be affected by tonal particularities relating to

the sun position and terrain slope angles. Therefore, natural or artificial erosion

on slopes is often measured with infrared photography because this imagery

differentiates well between absence or presence of vegetation.

Through vegetation analysis, color infrared photography provides

additional information on surface drainage, infiltration lines, and ground water.

To illustrate the detection of a type of infiltration line, Gagnon (1975) displays a

color infrared photograph. He used Kodak Ektachrome film, and an anti-vignette

filter. The camera focal length was 152 mm (5.89 inches) for an average altitude
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above sea level of 333 m (1,092 feet). Color infrared photography does not add

significantly to the information obtained with black and white infrared

photography.

Detailed slope analysis, including measurements of slope height, angle,

and overload, require scales larger than 1:10,000. Scales around 1:5,000 are

recommended for the detection of tension cracks, erosion, undercutting in the

slope, seepage lines, and sedimentological differences.

Foggin Ill and Rice (1979) predicted slope stability from aerial

photography. Since debris slides are connected to areas where they have

occurred previously, a study was conducted to evaluate the potential for using

the diagnostic features of debris slides to recognize, delineate, and classify

areas of active and potential slide activity on aerial photos and to forecast areas

of general slope stability and instability. The multi-concept used for this study

was conducted in the Santa Ynez Valley, CA (Foggin Ill & Rice, 1979).

Utilizing multiscale and multitemporal aerial photography, two sets of

black and white aerial photographs were used in Foggin Ill and Rice's (1979)

study. A 1968 pre-storm set at a scale of 1:8,500 for better resolution of the

diagnostic features, and a 1969 post-storm set at a scale of 1:11,000 were used.

Scales between 1:6,000 and 1:12,000 are suggested for landslide risk

classifications. According to Foggin Ill and Rice (1979), the most suitable scale is

about 1:6,000.

Areas of debris slides for all second-order drainage basins were outlined

using a scanning stereoscope and the 1968 and 1969 photos. Diagnostic
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features described earlier in this paper were used independently to identify the

slide areas. Two overlays were prepared for each basin. Forecasting debris

hazard by classifying areas for general slope stability, using diagnostic features

shown on aerial photos, was suggested as a simple technique to be utilized in

mountainous terrain (Foggin Ill & Rice, 1979).

Another study using photo interpretation of landslide-prone areas was

conducted in Eastern Washington County, Pennsylvania (Uhrin, 1974). Uhrin

(1974) used U.S.G.S. panchromatic aerial photography at a scale of 1:23,000,

flown in late winter for the detection of landslide-prone areas in limited sectors,

such as proposed highway corridors in Eastern Washington County,

Pennsylvania. Slide deposits were delineated on acetate over an uncontrolled

mosaic, using a pocket stereoscope. The acetate was then transferred to a 7

1/2' U.S.G.S. topographic map. Field work was conducted to confirm the

delineations.

The use of aerial photography for the study of landslides of Central

Vancouver Island (Matthews, 1979) was reviewed for this thesis. Matthews

(1979) used multitemporal aerial photography to assess fresh landslides of

central Vancouver Island caused by the 1946 earthquake. The aerial

photographs taken were used to locate fresh scars.

Mintzer (1968) conducted a study on aerial photo interpretation of color

versus panchromatic photography for terrain analysis. Mintzer (1968) states that

better results are obtained from the interpretation of color as compared with

panchromatic photography as the photo interpretation medium for providing data
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in terrain investigations for engineering purposes. Mintzer (1968) notes the

natural appearance of true color images makes recognition and identification

easier. While the natural color tones have near unique significance, gray tones

on panchromatic aerial photographs are ambiguous.

Further, Mintzer (1968) presents case histories showing how color aerial

photography compares with color-infrared and panchromatic aerial photography.

An investigation of the feasibility and cost of using color aerial film for

engineering soil and landslide studies (Mintzer & Mathur, 1961) was among

those case studies. This study of landslide susceptible terrain used summer-

season color aerial and panchromatic aerial photography at a scale of 1:20,000

for a landslide site in a 100 square mile (25,900 hectare) study area near the

Ohio River in Scioto County, Ohio. While the authors found the panchromatic

photographs difficult to interpret, they recognized the terrain as landslide

susceptible by contrasting color tones emphasizing the cues of gully shapes and

erosional features. The time spent on the interpretation of the panchromatic

photos was twice as long as the time spent on the color transparencies at the

same scale. Mintzer (1968) concludes that the possible labor savings justify the

added expense of the color aerial photography.

Other studies are consistent with the preference for color aerial

photography in engineering soil and landslide studies. Mintzer (1968) outlines

seven points for the procurement of data concerning landslide susceptible

terrain. These include the ordering of aerial photography coverage of the

geographic area at two different scales: 1:20,000 scale panchromatic photos
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available at the U.S. Department of Agriculture, and a color photography mosaic

at a scale of 1:9,600. In dry, arid regions, summer photography is satisfactory.

In humid climates, aerial photography should be flown in spring before

vegetation foliates. An aerial photograph from an Eastman Extachrome Infrared

Aero Film, at a scale of 1:9,600, flown in September, was used to illustrate the

use of aerial photography. Exposures were taken at an F-stop of 5.6 and 1/350

second. The 1:20,000-scale photography is used to prepare a mosaic, delineate

landforms, and prepare a base map. The large-scale color aerial photographs

are used to describe pattern cues, such as landforms, drainage patterns, and

erosional features.

Mintzer (1968) further states that an additional film at a scale of 1:4,800,

Eastman Kodak Ektachrome Aero, is desirable for landslide susceptible soil

studies, because slopes and classification of slope failures are easily observable.

Additional color aerial film at a scale of 1:1,200 is obtained for the observation of

details concerning slope failure, existence and aerial extent of landslides.

Mintzer (1968) concludes that color aerial photography has great

advantages when interpreting pattern elements. He suggests the usege of both

color infrared and color aerial films. The usege of color infrared film is suggested

for engineering soil and landslide studies to develop data concerning landforms,

drainage systems, and vegetative cover. For the same type of studies, the

utilization of color aerial film is recommended to develop descriptive information

concerning gully shape and gradient, erosional features, and natural color tones

in terms of the soils. When cultural and special features are of specific
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assistance in determining terrain conditions, the interpreter uses both color and

color infrared aerial photography. Mintzer (1968) states that the combined

interpretation of color infrared, color, and panchromatic aerial photography,

coupled with field data, results in the most economical investigation.

The multiple use of aerial color photography is discussed by Pryor

(1968). Pryor (1968) describes the multiple use of air color photography by the

Bureau of Public Roads, Region 9 organization. Two 1:6,000 scale aerial color

photographs formed a stereogram, which was used for topographic mapping at

the scale of 100 feet per inch (12 meters per centimeter) and other uses. The

photographic coverage includes Colorado Forest Highway 15 crossing a

landslide. Pryor (1968) presents an example of the analysis of a large-scale

stereopair, including the labeling of major landforms and landslides.

In this research, the options were limited by available aerial photographs

and the resolution obtained on 1:5,000 and 1:10,000 aerial videography flown for

this project.



3. Description of the Study Area

3.1. LOCATION OF THE STUDY AREA

The John Day Reservoir (Lake Umatilla) is located between John Day

Dam and McNary Dam, on the Columbia River along the Oregon - Washington

state line (Figure 3.1.1.). The John Day Reservoir is 76 miles (122.3 kilometers)

long and extends from river mile 215 to mile 292 (kilometer 345.9 to kilometer

469.8), measured from the mouth of the Columbia River. The reservoir is

located at approximately 45°45' north latitude and extends from 1 2O045 to

119°15' west longitude.
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3.2. PHYSICAL GEOGRAPHY OF THE COLUMBIA RIVER

"In order to understand fully the geographic influences ..., it becomes necessaiy,

first of all, briefly to treat its salient physiographic features."

Frederick William Simons (Simons, 1912 in Wheeler, 1986)

3.2.1. Channel Lencith and Drainacie Area

The Columbia River and its tributaries are the primary drainage system in

the Pacific Northwest. The Columbia River, 1,243 miles (2,100 kilometers) long,

is the largest river in the Pacific Northwest. Its drainage area is about 259,000

square miles (670,807 square kilometers) and includes large areas of Oregon,

Washington, Idaho, Montana, British Columbia, and small areas of Wyoming,

Nevada, and Utah. The drainage area is nearly as large as the state of Texas.

At its mouth, the Columbia River's average discharge is the second largest in the

U.S. at 194,600 cubic feet per second (5,507 cubic meters per second). The

Columbia River begins in the Rocky Mountains of British Columbia, and enters

the United States in northeastern Washington state after a 460 mile (740

kilometer) course through Canada (Allen, 1979). The Columbia crosses the

state to the mouth of the river's largest tributary, the Snake River, near Pasco

(Washington). Approximately 13 miles (21 kilometers) downstream of the Snake

- Columbia confluence, the Columbia River flows westerly forming the Oregon -

Washington state line and terminates at the Pacific Ocean. The length and

drainage area of the river in the United States is 750 miles (1,207 kilometers)

18
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and 220,000 square miles (569,798 square kilometers), respectively. The

average width of the Columbia River in the John Day Pool area is 1 mile (1.6

kilometers). The total fall of the river in the United States is 1,288 feet (392.6

meters). The river is tidal for a distance of about 140 miles (225 meters),

forming an estuary reaching from the Columbia's mouth to the Bonneville Dam.

This estuary is the ninth largest in the United States (Allen, 1979).

3.2.2. River Reqime and Climate

The natural river regime (variation in discharge) of the Columbia River,

expressed by a graph of mean monthly flow, is controlled by the relationship

between climate, vegetation, soils and rock structure, basin morphometry, and

hydraulic geometry. The Columbia River's headwaters, which determine the

river's natural regime, are snow covered during the cool season. The river's

regime is characterized by a strong late spring/early summer maximum caused

by snowmelt runoff and a winter minimum runoff. The Columbia River is flood-

regulated upstream of the study area.



3.3. ECOREGIONS

Regional characteristics of climate, vegetation, soil, and landforms in the

Pacific Northwest are integrated into ecoregions. Different kinds of physical and

biological data are combined into a single system of regionalization. The study

area is located at the Columbia Basin ecoregion (Frenkel, 1993).

Ecological regions are areas of relative homogeneity in ecological

systems. They are delineated through the analysis of a combination of spatial

characteristics such as climate, geology, potential natural vegetation, soil, land

use, and topography, that indicate differences in ecosystem potential. They also

tend to reflect similar patterns of human impacts on the environment (Thiele,

1993). The ecoregion framework shall be utilized as an organizational tool in this

thesis. The applications of ecoregions relevant for this study include

predictability, sample size, and sampling design. Ecoregions lend a predictive

capacity to management decisions through the assumption that subpopulations

within a relatively homogeneous region will respond similarly to a specific type of

management. Since ecoregions comprise areas of similar quality in

environmental resources, a group of sites within a region tend to be similar. A

population of similar sites can be grouped together. Representative samples

may be chosen from this group. The size and heterogeneity of a region indicate

the appropriate number of sites required to adequately represent an area.

The Corvallis Environmental Research Laboratory delineated ecoregion

and subregion boundaries in the Columbia Plateau regionalization project

20
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(Thiele, 1993). Lake Umatilla is located in the Columbia Plateau Ecoregion and

the Pleistocene Lake Basin Subregion. The subregion north of the Pleistocene

Lake Basin Subregion is the Yakima Folds Subregion, the subregion south of it

is the Umatilla Plateau subregion. All three subregions are part of the Columbia

Plateau Ecoregion (Thiele, 1993).

3.4. GEOLOGY

3.4.1. Geoloqy of the Cascade Rancie

"There can be no question that mountains are of scientific interest, and that

many studies can be done in such terrain which cannot be done, or done as well,

elsewhere."

Will F. Thompson (Thompson, 1964 in Wheeler, 1986)

The Cascade Range extends 1,100 kilometers (683.6 miles) from

northern California to southern British Columbia. The only interruption is the

Columbia River along the Oregon-Washington stateline. The Cascade Range

divides eastern Oregon from western Oregon. Its crest averages about 5,000

feet (1,524 meters) in altitude, but its peaks rise up to 11,300 feet (3,444 meters)

in Oregon (Mount Hood). Two physiographic regions divide the Cascade Range.

The geologically older western Cascades are composed of older Tertiary flows,

tuffs, and intrusive rocks. The western Cascades form the Paleocene to

Miocene part of the Cascade Range. East of the western Cascades are the High
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Cascades, which includes the high peaks and Plio-Pleistocene lava flows. The

High Cascades are the Pliocene to Holocene part. Tertiary and quaternary

volcanic and volcaniclastic rocks and Pleistocene-Holocene stratovolcanoes

dominate the geology of the Cascades. Hammond (1979) describes the

stratigraphy and structure of the Cascade Range. Approximately 14 million

years ago, the Columbia River (Yakima) Basalt poured out (Palmer, 1977).

3.4.2. Geolociy of the Columbia Plateau

The Columbia Plateau is the largest field of flood basalt in North America.

The flood basalts cover 160,000 square kilometers (61,760 square miles)

including one third of Washington and large parts of Oregon. The basalt erupted

between 17 million and 6 million years B.C.. It is called Columbia River Basalt

(Figure 3.4.1.) because the origin of those basalt flows is northeastern Oregon

and southeastern Washington. The lavas flooded the lower parts of the

intermontane basin, a structural-topographic low in the Cascades near the

Columbia River Gorge and regions in the Willamette Lowland, Oregon's coastal

areas, and southwestern Washington (Palmer, 1977).

Deformation of the Columbia River Basalt during the extrusion of basalt

was caused by the tilting of the plateau to the northwest and north horizontal

compression. The development of the east-west trending Yakima Fold Belt and

sediment deposition in synclines and basins between the folds continued into the

Pliocene (Palmer, 1977).



3.4.3. Geolociv of the Columbia River Gorge

The Columbia River Gorge, a large canyon cutting through the Cascade

Range, has been described by Leonard Palmer (1977), Allen (1979), etc. The

canyon is about 120 kilometers (75 miles) long. The walls of the canyon consist

of Columbia River Basalt, a dense dark-gray, fine grained magmatic rock that

often appears in columnar structures.

The geologic history of the formation of the Columbia River Gorge is

outlined below (Palmer, 1977). In the Eocene to Oligocene, the Ohanapecosh

Formation was created. It is a thick deposit of claystone and conglomerate

composed of sedimentary and volcanic material. These rocks are not very

resistant to weathering and erosion. They have weathered to a soft clay-rich

saprolite that is overlain by the Eagle Creek Formation. The Eagle Creek

Formation originated as mudflows from volcanic eruptions north of the area.

This formation is less weathered than the Ohanapecosh Formation and contains

larger rock fragments. The eruption of Yakima Basalt flows flooded the Eagle

Creek Formation in the upper Miocene and lower Pliocene. In the late Pliocene,

weathering, erosion, and folding of the Columbia River Basalt set a starting point

for the Columbia River valley (Palmer, 1977).

During the Pleistocene, the Columbia Basin was glaciated by the

Cordillerean Ice Sheet extending from northeastern Canada to the Pacific

Ocean. The Wisconsin stage has left glacial deposits in the Columbia Basin and

the Periglacial effects are still recognizable. Lake Missoula was created by ice-
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tongues extending from the Cordillerean ice sheet that blocked the drainage of

western Montana and northern Idaho. The ice-tongues impounded a large ice-

marginal lake behind the ice-dam. Lake Missoula covered about 7,700 square

kilometers (2,972 square miles). The Quarternary history of the study area is

characterized by discrete episode of catastrophic flooding and prolonged periods

of bess accumulation. Since temperatures rose at the end of the Tertiary,

glacial waters caused rapid erosion. "Channeled scablands" were cut through the

bess mantelling the plateau and into the basalt as the floods were discharged.

Intracanyon lava flows dammed the Columbia River Gorge in the Pliocene-

Pleistocene. The last major episode of flooding occurred between about 18,000

and 13,000 years ago. Glacial Lake Missoula discharged high volume, high

discharge floods (-2,000 cubic kilometers, or 1,620 million acre feet) through the

gorge over several weeks. Meltwater streams created kame terraces and valley

fill terraces in the valleys adjacent to ice fronts that retreated. Glacial terraces

dominate the valley topography in the northern Columbia River area (Baker,

1978).

In the Pleistocene and Hobocene, oversteepening resulted in slope failures

causing huge landslides. During this time, the Columbia River eroded its

channel deeper and deeper. It eroded through the Columbia River Basalt into

the underlying less resistant Eagle Creek Formation and finally into the

weathered Ohanapecosh Formation. This caused large landslides, for example,

the Bonneville landslide occurring 700 years ago (Palmer, 1977).



3.4.4. Geolociv of the John-Day-Pool-Area

"The distinction between geological and geographical geomorphology lies chiefly

in a contrast between conclusions of vertical and horizontal significance."

Richard Joel Russell (Russell, 1949 in Wheeler, 1986)

Figure 3.4.1. illustrates the geology of the study area. The geologic map

presented in Figure 3.4.1. is the most accurate geologic information available. It

is part of a preliminary report and has not been edited or reviewed for conformity

with Geological Survey standards or nomenclature. Basalt flows are

characteristic for the reservoir area. They dip 1/2 to 1 degree eastward from a

northwest/southeast anticlinal axis parallel and near the lower John Day River

(U.S. Army Corps of Engineers, 1966). Being very resistant to weathering and

erosion, the Basalt flows are of relatively high elevation above the river. Towards

the north, the basalt flows dip slightly and meet the Columbia Hills abruptly

immediately north of the Columbia River. The Umatilla Basin is part of the

Columbia Plateau. Bedrocks are flat lying units. One of the layers is called the

Umatilla Basin Flow, containing two thick layers of claystones formed by ash

deposits, and slide debris. The dip of the underlying bedrock units and

landsliding off the canyon ridge caused these layers to be found at reservoir

elevations on the sides of the Columbia River (U.S. Army Corps of Engineers,

1966).
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The northern Lake Umatilla shoreline from John Day Dam to Roosevelt is

partly protected by riprap, and partly exposed bedrock surfaces. The

Washington shoreline from Roosevelt to Crow Butte consists of riprap protected

fill and natural or placed material with a large part of the railroad tracks located

on clay slide debris. The railroad is farther away from the reservoir towards

McNary Dam. The shoreline between Crow Butte and McNary Dam is

characterized by protected fills and gently sloping materials (U.S. Army Corps of

Engineers, 1966).

The Columbia River Valley in the John Day Pool area consists of Grande

Ronde Basalt belonging to the Columbia River Basalt Group overlain by

Wanapum Basalt along higher elevations. The northern shore along the John

Day Dam is characterized by the Columbia Hills anticline and north-verging

thrust faults. Downstream from the dam, the northwest-trending Goldendale

fault crosses the river. The Grande Ronde Basalt flows in this area are

characterized by a low dense, blocky-jointed section and upper, highly brecciated

aa section, which is highly permeable, slightly elastic and very weak. The

characteristic craggy topography is caused by erosion from Pleistocene flooding

that removed the breccia (Galster, 1989).

McNary Dam, at the eastern end of Lake Umatilla, is located in the lowest

part of the Umatilla Basin, north of the Blue Mountains and south of the Yakima

Fold Belt. The dam is situated about one mile (1.6 kilometer) east of the crest of

the north-trending Service anticline crossing Lake Umatilla to the Columbia Hills.

At McNary Dam, the Columbia Valley is about 1.5 miles (2.4 kilometers) wide
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and 250 feet (76 meters) deep. On both sides of the valley and beneath the

valley floor, there are deposits from Pleistocene flooding. The bedrock of this

area is the Umatilla Member Saddle Mountains Basalt, belonging to the

Columbia River Basalt Group. The upper part of the Saddle Mountain Basalt is

very thick breccia, consisting of hard basalt fragments in a soft cinder matrix.

Much of this breccia flow has been removed by erosion. About 25 to 50 feet (7.6

to 15 meters) below the dam, underlying the basalt flows, tuffaceous siltstone

and claystone, called the Mabton interbed, are to be found (Galster, 1989).

According to literature and field investigation, a thick section of Miocene

age Columbia River Plateau Basalt is interbedded with relatively thin soils and

unconsolidated sand, along with volcaniclastic, tuffaceous sediments. The

basalt flows are overlain by tuffaceous sands and bess. These layers appear

poorly sorted. The bess is probably Pleistocene in age and deposited by the

glacial Lake Missoula floods. The basalt flows dip slightly to the south.

Remnants of volcaniclastic breccia appear to be within the basalt layers.

Faulting occurs within the basalt layers, but it appears to be minor in the study

area.
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3.5. GEOMORPHOLOGY

The Columbia Basin is part of the Columbia Intermontane Landform

Region. In the study area, the Columbia River is situated at about 270 feet

above sea level. The northern shore of Lake Umatilla is characterized by steep

slopes and adjacent plateaus. The slopes of Lake Umatilla are oversteepened,

caused by the glacial Lake Missoula flood (see chapter 3.3. Geology). When the

Cordillerean ice lobe damming the Clark Fork of the Columbia River melted and

burst, glacial Lake Missoula released up to 50 cubic miles (208 cubic kilometers)

of water westward over the Columbia Plateau. Soil cover was removed and

channels were cut into basalt rock (Rosenfeld, 1993). The Channeled

Scablands of eastern Washington were formed by a sequence of mammoth

floods.

The majority of mass movements on the north shore of the John Day

Reservoir exhibit slopes of 6 to 12 degrees (chapter 6.1.4.). Landslide

occurrence is supported by the steep slopes and the southward dipping basalt

layers on the north shore of Lake Umatilla. The underlying geology explains the

greater landslide susceptibility of the north shore compared to the south shore of

the reservoir (chapter 3.4.).
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3.6. VEGETATION

The vegetation of the Columbia Valley between eastern Oregon and

Washington reflects the region's climate, soils, relief, biotic interaction, and

history. Logging, agriculture, grazing, and industrial development have altered

the natural vegetation (Matzke, 1993).

The Columbia Plateau is an arid grassland surrounded by forested

mountain ranges. Vegetation type and amount varies with temperature and

moisture (Thiele, 1993). Due to the low precipitation amounts, high

evapotranspiration, and deep, dry bess soils, the vegetation of the Columbia

Plateau is described as a grassland steppe (Daubenmire, 1970).

Daubenmire (1970) has divided the plateau into nine vegetation zones.

"A vegetation zone is the area within which maturely developed soils support a

specific climatic climax vegetation, It is a broad area of relatively uniform

regional climate and typical regional topography within which one plant

association is capable of becoming dominant under prevalent climatic conditions

over a long period of time" (Frenkel, 1993).

The study area is located in the Shrub-Steppe vegetation province.

Dominant vegetation zones in the study area are the Steppe Zone Complex in

the eastern part of the study area and the Big Sagebrush Zone in the western

Part. All of Benton County in the eastern part of the study area is characterized

by the Big Sagebrush Zone.
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The steppe type is intermediate between ponderosa pine forest and more

xeric shrub-steppe. Most of Klickitat County in the western part of the study area

is covered by this vegetation zone. The Steppe Zone Complex, characterized

by grassland without shrubs, mantles areas of north-central Oregon and the

Palouse of southeastern Washington and adjacent Idaho. The Agropyron-

Festuca type characterized by bluebunch wheatgrass (Agropyron spicatum) and

Idaho fescue is the dominant community within the grassland. Sandberg's

bluegrass (Poa sandbergii) and Idaho fescue Festuca Idahoensis) are prominent

together with shrubby common snowberry and many forbs in moister situations.

The communities of the Steppe Zone Complex form understory vegetation in the

adjacent vegetation zones (Frenkel, 1993).

The Big Sagebrush Zone is the most widespread vegetation zone in the

Pacific Northwest. The zone is dominated by big sagebrush and supports

nonintensive grazing. Two prominent plant associations are big sagebrush

(Artemisia tridentata) / Idaho fescue and big sagebrush / bluebunch wheatgrass.

Other prominent shrubs include sagebrush and rabbit brush (Chiysothamnus

spp.) species. The shrub-steppe in this zone, commonly referred to as "high

desert", consists of non-desert species and exhibits a shrub-grass structure,

which is distinct from true desert (Frenkel, 1993).



3.7. CLIMATE

The Pacific Northwest is characterized by distinctive seasonal changes in

temperature and precipitation. Summers are relatively dry and warm. Winters

are cool and wet. A major climatic characteristic is the winter seasonality of

precipitation. The Cascade Mountain chain to the west of the study area creates

a major east-west moisture divide. East of the Cascades, total annual

precipitation is low, seasonal temperature ranges are higher, and the length of

the freeze-free period varies largely because of the reduced influences by

marine air. Marine air penetrates nearly 130 miles (209 kilometers) inland

through the Columbia River valley. The valley acts as a unique water gap

feature in the Coast Range. The Cascades, however, form a relatively effective

barrier to marine air (Jackson, 1993).

Temperature and precipitation variations in the Pacific Northwest are

caused by varying atmospheric circulation in summer and winter. The high

pressure domination in the northeastern Pacific causes summer wind flows from

the northwest. These air flows are cool and dry, contributing to mild summer

temperatures. Areas east of the Cascades including eastern Oregon and

eastern Washington experience clear skies and long durations of insolation

causing higher summer temperatures. Low elevation locations along the

Columbia River experience some of the highest summer temperatures in the

Pacific Northwest.
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The Pacific Northwest is influenced by cyclonic storms in winter.

Moisture-laden air travels towards the northeast across the Pacific, paralleling

the pressure gradient between the subtropical high and the north Pacific low

pressure cells. The resulting southwest air flow meets cooler, dryer air, creating

frontal zones. Low pressure cyclonic disturbances cause precipitation in

November to May, especially west of the mountain chains (Jackson, 1993).

The climatic region that John Day Pool is located in is the Intermontane

Region. It is characterized by low annual precipitation, and large temperature

ranges between summer and winter. The Intermontane Region extends from the

Columbia Basin southwards to the Basin and Range Region. Average annual

precipitation ranges from 10 to 20 inches (25.4 to 50.8 centimeters) in the

Intermontane Region (Jackson, 1993). During the winter, precipitation falls as

snow, ranging from 10 to 30 inches (25.4 to 76.2 centimeters). As visible on the

climographs below, July and August are the driest months in southeastern

Washington and northeastern Oregon. Precipitation generally increases across

the Columbia Plateau from southwest to northeast. It is lowest in the basins on

the western side of the plateau where the rain shadow effect of the Cascade

Mountains limits precipitation to 6 to 9 inches per year (15.2 to 22.9 centimeters

per year), (Jackson, 1993). In the John Day Pool area, however, precipitation

decreases from west to east, as illustrated on Figures 3.7.2., 3.7.3., 3.7.4., and

3.7.5.. The decreasing influence of marine air in the Columbia Valley is one

explanation for these precipitation records. The following map (Figure 3.7.1.)

illustrates the locations of the climate recording stations. The climatological data
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Figure 3.7.1. Location of the Climate Recording Stations Dallesport, Arlington,
Boardman, and McNary Dam.
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for Oregon and Washington (National Oceanic and Atmospheric Administration,

1995) were used for the preparation of the climographs (Figures 3.7.2., 3.7.3.,

3.7.4., and 3.7.5.).
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Figure 3.7.2.: Climograph for Dallesport, Klickitat County, WA, 45°31'N,
121°09'W, Elevation 240 Feet (40 Years of Record).
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Figure 3.7.3.: Climograph for Arlington, Gilliam County, OR, 45°43'N, 120°12'W,
Elevation 285 Feet (58 and 69 Years of Record for Temperature and
Precipitation Data, Respectively).

20

0

35

0
01

-
-

N
)

0
01

0
P

re
ci

pi
ta

tio
n

[in
ch

es
]

-



J N

20

J

do

Boardman, OR
Annual Precipitation 9.62 inches (24.4 cm)

80

I-
.1-'
CU

Li 40

20

0

MMJ S
Months

Figure 3.7.4.: Climograph for Boardman, Morrow County, OR, 45°50'N,
11 9°42'W, Elevation 300 Feet (11 Years of Record).
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Figure 3.7.5.: Precipitation for McNary Dam, Benton County, WA, 45°57'N,
119°18'W (27 Years of Record), *The McNary Dam Station Does Not Record
Temperatures.

0C
D -D

o
th

-
-

N
i

o
(n

o
P

re
ci

pi
ta

tio
n

[in
ch

es
]



y

I

37

While the I ntermontane Region generally experiences characteristic

continental temperature ranges, the climate along the Columbia River is more

equable. The freeze-free season in eastern Oregon and Washington is

generally less than 120 days. As is shown on Figure 3.7.6. below, the freeze-

free period is longer in the Columbia River borderlands and the Snake River

Plain because some marine influence comes up the Columbia Valley. Figure

3.7.6. illustrates the number of freeze-free days in the study area.

Freeze-Free Period
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Figure 3.7.6.: Length of Freeze-free Period in the John Day Pool Vicinity.



3.8. SOILS

The interaction of several soil-forming factors including the geology,

climate, organic materials, relief, and time cause differences among soils in the

Columbia Basin. Major soil types in the study area are Haploxerolls and

Torripsamments (Jones, 1993).

Haploxerolls belong to the soil order Mollisols, which are soils with dark-

colored, friable, organic-rich surface horizons. These soils are high in bases and

occur in cold subhumid and semiarid climates. Mo//iso/s are widespread in the

Pacific Northwest, especially in areas of steppe and shrub-steppe vegetation.

Haploxerolls belong to the Xerolls, a suborder of the Molilsols. Xerolls are

Molilsols in winter-moist, summer-dry climates. These soils are continually dry

for long time periods. Xerolls are the prevailing soils in the steppe and shrub-

steppe areas of the Pacific Northwest. Haploxerolls are Xerolls with a

subsurface horizon high in bases, but with little clay, calcium carbonate, or

gypsum (Jones, 1993).

Torripsamments belong to the Psamments, which are a suborder of the

Entisols. Entisols are soils with little or no horizon development. They develop

in sandy parent material and are of very recent origin on gently sloping terrain.

Psamments, a suborder of the Entisols, are Enbtisols with loamy fine sand to

coarser sand texture developing in areas of shifting to stabilized sand dunes.

Sand origin is fluvial with local redeposition by wind. Torripsamments are moist
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for less than three consecutive months. They develop under cool to warm soil

temperatures promoting soluble salt accumulation (Jones, 1993).

Temperature and moisture determine soil formation and the rate at which

it develops more complex soil horizons, organic matter, and clay. Soils in the

Columbia Plateau are low in organic matter and clay due to the lack of moisture.

Depending on their location, soils may be derived from basalt colluvium on

hillslopes and canyon walls, alluvium from valley floors, or gravely flood deposits

and glacial outwash. The predominant soil of the plateau is bess. Loess is

highly productive but also highly erosive. The large bess deposits of the

plateau are called the Palouse Formation and cover the entire area of the

Columbia Plateau to depths of 250 feet (75 meters) in the southeastern Palouse

Hills. The Palouse Formation is of granitic and metamorphic origin, transported

by glaciers from the Rocky Mountains to the east and north and redeposited by

prevailing southwesterly winds over the past 50,000 years (Thiele, 1993).

According to the Klickitat County Soil Survey (U.S. Department of

Agriculture, Soil Conservation Service, 1983), the majority of the soils along the

north shore of the John Day Dam are poorly drained to well drained soils formed

in alluvium and lacustrine deposits on fboodplains and terraces. Approximately

95 percent of the study area is covered by Cheviot, Horse flat, or Rockly soils.

These are nearly level to very steep, very shallow to very deep soils formed in

residuum and colluvium on canyon sidesbopes in the 6 to 18 inch (15.2 to 45.7

centimeter) precipitation zone. These soils on steep canyon sidesbopes above

the Columbia River extend north along major drainages. The corresponding
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elevation is 75 to 2,900 feet (23 to 884 meters). The average annual

precipitation is 6 to 10 inches (15.2 to 25.4 centimeters), the average annual air

temperature is about 50 degrees Fahrenheit (10 degrees Celsius), and the

average frost-free season is 90 to 100 days. The Cheviot soils are very deep

soils. They formed in basalt colluvium and bess and are located on canyon

sidesbopes. The Horse flat soils are shallow and the Rockly soils are very

shallow. Both soil types formed in colluvium and residuum from basalt on

canyon sideslopes.

Approximately one percent of the study area is covered by Van Nostern

or Morrow soils, and by Mikallo, or Bakeoven soils. These are well drained soils

formed in residuum and bess over basalt on plateaus and broad valleys. Van

Nostern, Morrow, and Bakeoven soils are nearly level to moderately steep, very

shallow to moderately deep, well drained soils formed in bess over basalt on

plateaus in the 12 to 15 inch (30.5 to 38.1 centimeter) precipitation zone (U.S.

Department of Agriculture, Soil Conservation Service, 1983).
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3.9. LAND USE OF THE STUDY AREA AND WATER RESOURCE USE OF
THE COLUMBIA RIVER

"Geographers have given strangely little attention to man as a geomorphic

agent."

Carl 0. Sauer (Sauer, 1941)

3.9.1. Multiple River Uses and Resulting Conflicts - Declining Salmon Habitat

Historically, the development of the Columbia River began with three

purposes: navigation, irrigation and hydropower. Today, the river's multipurpose

uses are even more complex and include uses such as flood control, recreation,

and fishing. Beginning in the 1930's, the Columbia River system has been

significantly modified by construction of thirty major dams on the river and its

tributaries. There are eight primary uses of the river system including

commercial river navigation, flood control, irrigation, electric power generation,

upstream and downstream fish migration, fish spawning, water based recreation,

and water supply. The nature and relative intensity of these uses varies from

season to season, which is one reason for the necessity of effective water

resource planning. The multi-purpose use of the river system is characterized by

a variety of dams and reservoirs, navigation channels and locks, hydroelectric

power plants, high-voltage power lines and substations, irrigation diversions and

pumps, parks and recreation facilities, boat launching facilities, fish ladders and

bypass facilities for salmon, as well as areas set aside to replace wildlife habitat.
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The primary use, however, is the generation of hydroelectric power. The

Columbia River projects used to produce more than eighty percent of the

electricity consumed in the northwestern United States. The river is used for the

generation of hydroelectric power all year round, which is why the river is

regulated to meet the demand for power. The natural streamf low, with the runoff

maximum in late spring/early summer being about four times as big as the

average winterflow, is therefore regulated by dams to be adjusted to the power

demands. The flood-regulating dams are situated upstream of the study area.

There are more than 160 dams in Canada and the U.S. that generate

hydroelectric power benefiting from the altered flow of the Columbia River

system. Further, the river provides water for most of the eight million acres that

are irrigated in this region and for industrial and municipal uses (Oregon State

University Water Resources Research Institute, 1980).

However, the Columbia River is the spawning ground for many fish,

anadromous salmonids being the most important. Despite more than half a

century of efforts to mitigate losses and to save fish habitat, wild salmon runs are

declining (Oregon State University Water Resources Research Institute, 1980).

Water velocity in the reservoirs is too slow to allow for migration of the juveniles

from their headwaters to the Pacific Ocean in the genetically imprinted time.

Furthermore, increased water temperatures in the reservoirs increase the

salmon's susceptibility to predation and bacterial diseases, which they would not

encounter in the free-flowing river.



3.9.2. Land Use in the Study Area

Subhumid grassland and semiarid grazing land are the major land uses in

area north of Lake Umatilla (Pease, 1993). Land use is linked to land ownership

and soil quality in the study area. Most of the area is administered under grazing

permits by the Bureau of Land Management. Land capability classes for the

study area are class Ill, describing moderately good cultivable land, and class IV,

describing fairly good land. Class Ill and class IV have severe and very severe

limitations for crops, respectively. These classes are characterized by moderate

to steep slopes, high to severe erosion potential, severe past erosion, frequent

hazard of overflow, and low moisture capability (Pease, 1993).

The steep slopes of the northern shore of the John Day Pool are of no

use to agriculture, but two major transportation routes, Highway 14 and the

Burlington Northern Railroad are located there. Landsliding would disrupt these

routes. Residential use is rare with the exception of the small town of Roosevelt.

The eastern part of the study area is used agriculturally, with irrigated fields

noted there.
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4. Mass Movements

4.1. DEFINITION OF "LANDSLIDES" AND "MASS WASTING"

Way (1978) describes mass wasting as the

"general term describing a variety of processes by which earth
materials, some of them previously broken down by weathering
processes, are moved by gravity. Unlike erosion it does not
involve transporting agents, such as wind or ice. ... Sliding of earth
and rock materials occurs when their shear strength can no longer
support an increase in load".

Shear strength is defined as the properties of matter that resist the stresses

generated by gravitational forces (Ritter et al. 1995). Shear strength is different

for each earth material and depends on the rate of loading, temperature,

confining pressure, presence of pore fluids, slope, and shape of the formation.

Failures occur when shear strength is exceeded (Way, 1978). Shear strength of

any material is derived from (1) the overall frictional characteristic of that

material, which is usually expressed as the angle of internal friction; (2) the

effective normal stress, which is the stress exerted at the solid-to-solid contacts

across the shear surface; and (3) cohesion, which is how the constituent

particles are bonded together (Ritter et al., 1995).

The term landslide in general refers to most rapid mass wasting forms,

such as debris avalanches, slumps, debris slides, etc. The most common slide

type processes of mass wasting are slumps. Slumps occur where the

supporting power of the lower part of the slope becomes exceeded by the hillside

mass on the slope (Way, 1978).
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Landslides are slope failures generated when the forces resisting

movement are exceeded by those promoting movement. The sliding mass

moves downslope by gravity transport. Conditions that cause landslides include

steep slopes (e.g. fault scarps, stream banks, the sides of artificial fills), slippery,

impermeable rocks (e.g. mudstone, siltstone), fractured bedrock (especially

when fractures parallel or intercept slopes), interbedded strata tilted toward the

toe of the slope, unconsolidated surlicial deposits with low shear strength, clayey

soils, and hillsides denuded of vegetation (Way, 1978).

Slope stability depends on shear stresses and shear strength of the slope

material. A slope is stable when the sum of the applied shear stresses does not

exceed the sum of the shear strength of the slope materials. Mass movements

occur when the displacement resisting shear strength is exceeded by the shear

stress (Ritter et al., 1995). Vemes (1958) studied factors that influence shear

stress and resistance in slope materials. Factors that increase shear stress

include (1) the removal of lateral support through erosion by rivers or waves, or

through human activity, such as road cuts; (2) increased shear stress through

the addition of mass by rain or talus, or by human induced fills, ore rockpiles, or

buildings; (3) regional tilting and lateral pressure, caused by swelling, expansion

by freezing or water addition; (4) the removal of underlying support in slope

materials by natural processes, such as undercutting, solution and weathering,

as well as by human activity, such as mining. Factors that decrease shear

strength include (1) weathering and other physiochemical reactions, such as

disintegration and hydration, both lowering the cohesion, base exchange,
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solution, and drying; (2) buoyancy and capillary tension caused by pore water;

and (3) structural changes, such as remolding or fracturing (Ritter et al., 1995).

The three primary types of mass movements are slides, flows and

heaves. When cohesive blocks of material move on a well-defined surface

sliding, and no internal shearing takes place concurrently with the sliding block,

the type of mass movement is a slide. In contrast to a slide, a flow moves

entirely by differential shearing within the transported mass. No clear plane can

be defined at the base of the moving debris. The flow velocity decreases from

the surface downward. Heaves are slow, downslope movements by gravity and

are often a forerunner of more rapid mass movements such as rockfalls.

Heaves occur on the slightest slopes and involve vertical movements of

unconsolidated particles in response to expansion and contraction. The

disrupting forces act perpendicular to the ground surface by expansion of

material. The material moves under gravity when its cohesion and frictional

resistance are lowered. Creep, which is the slow movement of material in

response to gravity, occurs in the upper layers of soil and decreases with

increasing depth. Seasonal creep is aided periodically by the heave process.

The rate of seasonal creep varies with climate, soil moisture content, particle

size, and slope angle. Continuous creep is a strain response to stress and is

different from seasonal creep. It is driven by gravity alone, can function below

surface, and may affect consolidated rock. Continuous creep occurs where

rocks or semiconsolidated material are overlain by stronger substances.

Catastrophic mass movements often are preceded by creep.
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Rockfalls are rapid mass movements with little or no interaction with other

solids. Rockfalls occur where steep slopes are developed on rock faces and

where the parent material is well jointed. Undercutting of the rock or soil by

erosion at the base of the material increases the danger of falls. When

subjacent support is removed, tension increases and incipient cracks may be

created or expand.

Slides are slope failures that are initiated by slippage along a well defined

planar surface. Sliding occurs after prolonged or exceptionally heavy rainfalls,

because they are accompanied by a rise of the water table and accompanying

resistance decrease of the slope material by saturation. As the water table rises,

the pore pressure within the saturated mass increases, decreasing the effective

normal stress and reducing shear strength . The type of landslide occurring

depends on several factors including the lithology and structure at the site.

Planar landslides and rockfalls occur where rocks with pronounced structure,

such as foliation or inclined bedding, and prominent joint planes exist. Rotational

slides occur where failures in homogeneous materials and horizontally stratified

units exist. Rockslides may be caused by structural failures in the rock, as for

example the stratigraphy of the rock sequence, joint patterns, and orientation of

the foliation in metamorphic rocks. Rockslides are most frequent where dip is

nearly parallel to slope and in overdip slopes. Rockslides are less common in

reverse-dip slopes and underdip slopes. Rockslides differ from rockfalls in that

the rocks fail only when fractures intersect the potential slide plane.

Translational slides are slides on shallow planar surfaces.
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The mass movement in flows can be compared to viscous fluids where

the velocity is greatest at the fluid's surface and decreases downward in the

flowing mass. Often, flows are the final process in slides. Abundant water is a

condition for most flows, however, dry flows, such as rock fragment flows occur

where rockslides and falls increase their velocity and lose their characteristic of a

consolidated mass. Debris flows are gravity induced rapid mass movements

intermediate between landslides and water-flooding. They include several grain

size groups from clay mixed to boulders. Water and solids move together at the

same velocity. An abundant source of moisture, supply of fine-grained sediment,

and steep slopes are the conditions for debris flow occurrence. Debris flows can

start as shallow landslides providing a high concentration of unconsolidated

debris, which gets mobilized as a flow when runoff is mixed with the debris.

Intense rainfall may provide the abundant moisture necessary for a debris flow.

Mudflows are debris flows containing fine-grained material mixed with water.

Debris avalanches are rapid debris flows on steep bedrock slopes with thin

colluvial soil cover. Earthflows include slow to rapid mass movement processes

and have been observed on a variety of slope angles. A slump is the original

failure of the slope in slow earthflows. Slumps may occur when the mass

becomes saturated with groundwater. Lower shear resistance, causing slippage,

results from a rising water table and increasing pore water pressure. The

mobility of earthflows depends on the weight of the moving material, shear

strength of the soil, pore water pressures, and geometry of the slope mass.
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Many mass movement processes can be explained by some combination

of slides, flows and heaves, the three primary types of mass movements (Ritter

et al., 1995). According to Carson and Kirkby's classification of mass

movements (Carson and Kirkby, 1972, in Ritter et aL, 1995), the water content of

the sliding mass plays an important role. Slides, such as landslides or

rockslides, occur in dryer areas than flows. Flows, such as mudflows or

earthf lows, require a higher water content. Both, flows and slides are faster

moving mass movement processes than heaves.

Many processes and human activities contribute to the initiation of

landslides. Mechanisms initiating landslides are called triggering mechanisms.

(Avery & Berlin, 1992). Landslides or the actual or potential downslope

movement of earth and rock debris, are a significant concern in any area being

considered for engineering projects, such as the proposed drawdown of the John

Day Reservoir and related structures on the northern shoreline.



4.2. SIGNIFICANCE OF MASS MOVEMENTS

Mass movements are major landform shaping processes in steep terrain

throughout the world. They receive widespread attention only when they cause

death or injury, or damage to structures. Slope failure may be associated with

human structures including engineering works and certain land use practices.

Slope stability is controlled by conditions that might be in a tenuous equilibrium

which might be disturbed by human activities.

Comprehensive records of landslides and related damage are not kept,

neither for the states of Washington nor Oregon, which is why it is difficult to

accurately access economic damage from mass movements.

Direct and indirect costs arise from damages by mass movements. The

actual physical damage and related repairs to structures and land within the

affected area are called direct costs. All other costs are indirect. Direct costs

include damage to possessions, broken and displaced road pavements and

sidewalks, broken storm drains, damage to farm structures, etc. Damage that

could be considered direct costs includes loss of storage capacity of a reservoir

because of frequent sliding, and damage to railroads and public highways.

Indirect costs resulting from mass movements are more difficult to assess. They

include preventive measures to reduce future damage, such as rerouting public

roads, constructing structures to reduce slope failures in critical areas,

depreciated real estate values in the vicinity of damage, cleaning fees,

secondary physical effects of landslides such as flooding and resulting
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downstream sedimentation, and the loss in site productivity of agricultural land

(Sidle, 1985).

In addition to economic damage, mass movements impact environmental

conditions. On-site impacts include the loss of nutrient-rich soil. In general,

exposed landslide areas are subject to recurring surface erosion causing

additional deterioration of the site. Mass movements may cause sedimentation

in streams, contributing to the deterioration of fish habitat and affecting

downstream water quality. Suspended sediment causes increased turbidity,

reducing the depth to which photosynthesis can occur and therefore changing

primary production of algae and diatoms. Excess sediment can create

unfavorable conditions for growth of aquatic insects and therefore damage

rearing habitats where fish feed and grow (Hicks, 1991). When fine sediment

introduced into streams becomes entrapped in spawning gravels, the

concentration of intragravel dissolved oxygen may lower, reducing the transport

of oxygen to incubating eggs (Ringler, 1975). Fine sediment entrapped in

spawning gravels may also inhibit the removal of waste products that build up as

embryos develop (Sidle, 1985).

Sediment generated by mass movements can impact water users

downstream, such as municipalities, agriculture, industries, recreationists, and

domestic water users. In Oregon and Washington, many irrigation systems draw

their water from the Columbia River. Sediment-laden water may affect water

pumps in irrigation systems. Further, the infiltration capacity of land continually

irrigated with sediment-laden water may be reduced. Recreational users may
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find water with high concentrations of sediment aesthetically undesirable.

Industries may face additional treatment and production costs using such water

(Sidle, 1985). By assessing the slope stability of the northern shoreline of Lake

Umatilla, this research contributes to the prevention of undesirable

consequences of landsliding to multiple users of the reservoir.

4.3. MORPHOLOGY OF MASS MOVEMENTS

Morphologic relationships help discriminate between the several mass

wasting processes described above. The distinction between mass wasting

processes is important because different processes have different characteristics

in runoff, duration, impact forces, and future slide susceptibility.

Figures 4.3.1.1. and 4.3.1.2. illustrate the terminology of mass movements

and their morphometric analysis. The slope forming material, upslope from a slip

that is still in place and from which the disrlaced mass has moved away,

exposing the main scare in the process, is called the crown (Figure 4.3.1.1). The

slope unit on which the slip occurred is called parent-sloDe. The newly exposed

surface formed by the occurrence of a slip, and consisting of all scarp surfaces,

surface of rupture, and newly exposed material within the concave part, is called

the scar. The interscar area is the area of an unstable hillslope, lying between

landslip scars, which has not moved with the landslip. According to Varnes

(1958), the main scarp is a steep surface on the undisturbed ground around the

periphery of the slip, caused by movement of material away from the
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undisturbed ground. The term used to describe the material that has moved

away from its original position on the slope is displaced material. The displaced

material may continue to move after the initial movement and it may be

deformed or undeformed. The displaced material defines the depositional zone

of a landslip. The surface of rupture is the projection of the main scarp

downslope, along the floor of the concave part and often under the displaced

material, to the point of the intersection with the original surface (Figure 4.3.1.2.).

The concave part of a landslip is the upslope section with a surface being

concave upwards in form, and bounded by scarps that extend below the level of

the original surface. The concave part is created when the material is removed.

In contrast to a scar, the concave part does not have to reveal a newly exposed

surface. The concave part is the erosional zone of a Iandslip, which can be

occupied by depositional material. The convex part of a landslip is the downslope

section bulging above the original surface. The original surface is the surface of

the parent-slope that existed before the slope failure. In the case of a landslip,

the former position of the original surface can be projected by a line, parallel with

the parent-slope, from a point upslope of the landslip to a point immediately

downslope of the Iandslip (modified after Crozier, 1973).
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Figure 4.3.1.2.: Demonstration of Terminology Using a Slide Profile
(Modified After Crozier, 1973).
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5. Methodology

"I must begin not with hypothesis but with specific instances."

Paul Klee (Klee, 1931 in Edwards, 1986)

5.1. LANDSLIDE DELINEATION METHOD

Hayden (1992) describes the relevance of air photo interpretation for

terrain analysis and landslide studies today:

"Today, as a general rule, the first step in a comprehensive
geomorphologic survey is the identification and mapping of
geomorphic units, using aerial stereopairs of the area to be studied.
From aerial photography, most of the morphology can be identified,
and many of the questions of morphogenesis ... can be answered
and classified, and the relative relief ... can be determined with
acceptable accuracy." (Hayden, 1992).

The interpretation of aerial photographs is used extensively for the

analysis of landforms, natural hazards, and the predictions and solutions of

problems in engineering. Aerial photo interpretation is also used for survey,

exploration, and planning purposes. Drainage, topography, and regional geology

are revealed by aerial photographs.

Aerial photo interpretation of landforms in studies of landslides is an

important task for engineering and natural hazard evaluation, because landslides

potentially affect structures, such as highways or railroads. Correct interpretation

of landforms is essential to detect and predict landslides, because slope

instability and danger of mass movement vary with different types of landforms.
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The American Society of Photogrammetry (1960) recommends a

procedure to carry out the interpretation of local conditions and planning of field

work for engineering projects. Following these recommendations, the steps

below were utilized to delineate landslides in the study area.

List the purposes of the survey.

Prepare a photo mosaic of the entire area.

Study the regional features which appear on the mosaic. List the general site

characteristics which influence selection of site, method of construction, and

maintenance.

Check the correctness of the listing by stereoscopic examination of conditions

at possible sites.

Set up a classification of relevant terrain conditions.

Classify mass movement types on photographs according to the classification

scheme.

Transfer the delineation to a base map.

In clarifying and delineating mass movements, take into account the amount

of field exploration that is feasible. Point out complex areas and doubtful

interpretation.

Select sampling locations which offer the best opportunities for verifying the

interpretation (American Society of Photogrammetry, 1960).

The amount of field checking decreases with increasing experience in a

given region, but some field checking is always desirable. The pocket
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stereoscope is the only piece of equipment needed for the recommended

procedure.

5.2. METHODS OF AERIAL PHOTO INTERPRETATION FOR TERRAIN AND
SLIDE PROBLEMS

5.2.1. Scales and Films Adequate for Landslide Analysis

Most terrain and slide problems are solved at scales of 1:15,000 to

1:30,000. Scales of 1:5,000 to 1:10,000 are adequate if the area is complicated

or if the landslides are small. Small-scale photography supplements large scale

photographs for adequate coverage and regional perspective. Panchromatic

photographs are suitable for recognizing landslides. Variations in ground

moisture, age and state of vegetation, or the cultural modification of landslide

deposits may be observed with normal color and color-infrared photography

(Avery & Berlin, 1992).

5.2.2. Recoqnition Features of Landslides in Aerial Photoqraphs

Landslides can be recognized by their sharp breaking line at the scarp,

the hummocky surface of the mass below it, the elongated, undrained

depressions in the mass, and the abrupt changes of vegetation and tone

characteristics from the stable slopes to the moved mass. Where vegetation and

drainage are not established yet, as in new landslides, the landslides appear in

light tones (American Society of Photogrammetry, 1960).
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Slide-formed features serve as ocular cues for delineating landslides on

aerial photographs. These features include hillside scars, irregular, hummocky

surfaces, disturbed or disrupted soil and vegetation patterns, distinctive changes

in slope or drainage patterns, small, undrained depressions, steplike terraces,

and steep hillside scarps (Avery & Berlin, 1992).

5.2.3. The Identification of Potential Sliding Area on Aerial PhotoaraDhs

Way (1978) in his publication on "Terrain Analysis" points out six key

features for the determination of potential slide areas.

Sharp breaking lines at the scarp. The appearance of crescent-shaped,

linear cracks in the surface soil is the first sign of ground movement.

Vegetation might hide these cracks and make them difficult to see on air

photos.

Hummocky ground surfaces below cliffs indicate previous sliding activity and

identify materials highly susceptible to mass wasting. Disturbance of this

topography may trigger new sliding.

Undrained depressions along hillside toe or crest indicate water seepage and

accumulation and indicate a potential increase of hydrostatic pressure.

Light linear tones along upper edges of hillsides or cliffs indicate the

formation of subsurface cracks. The lighter tones are caused by cracks

facilitating drainage.
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The accumulation of debris in valleys and stream channels indicates previous

sliding and slumping, which is often associated with stream undercutting

banks.

Changes in tone along upper areas of cliffs or near edges of embankments

may indicate moisture differences in the subsoil. These reflect moisture

accumulation and the potential of hydrostatic water pressure (Way, 1978).

5.2.4. Typical Characteristics of Landslide Susceptible Terrain (Belcher, 1960)

This section lists typical characteristics for landslide susceptible terrain.

Steep slopes. Steep slopes cause sliding of loose material, such as loose

rock or soil. Features on steep hillsides, such as clayey soils, fractured

bedrock, lifted strata, and deforested slopes may increase the risk of mass

failure.

Undercut stream banks. Cliffs and banks undercut by streams and waves

are likely to fail. The point of maximum stream curvature is the point where

the water strikes the bank with greatest force. This is the most common point

for undercut banks.

Seepage zones. Water seepage often causes mass wasting. A line that

connects landslide scars often points to drainage channels on higher

elevations. Seepage occurs in areas below ponds, reservoirs, irrigation

channels, and diverted surface channels. The best evidence for seepage

caused landslides on air photographs is when the source of seepage water is
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far above the slides. Evidence of local seepage includes near-surface

channels, appearing as faint dark lines in aerial photographs, wet vegetation

on slopes, and moved or broken roads.

Old landslides. As Belcher (1960) states, "it is unlikely that man could create

a slide in a historically stable area by construction of ordinary size. The

absence of landslides, therefore, indicates stability, and existing landslides

indicate that disturbances may start new slides". Old landslides are

recognizable by less fresh but similar signs that occur with new landslides.

The change of tone between the landslide mass and the surrounding stable

slope may be less abrupt because drainage and vegetation have become

established and the scarp and hummocky mass may be subdued. Parallel

dark toned crescents is vegetation in minor depressions of old slides. Tilted

utility poles and trees give evidence of old landslides. The degree to which

vegetation and drainage are established is used to estimate the age of a

landslide and the stability of terrain. Irregular outlines and tone patterns of

broken or patched pavement visible on air photographs reveal that highways

are built on unstable terrain.

Since these key features may be small, large-scale photography (scales

greater than 1:10,000) may be most useful for the observation of such features.
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5.2.5. Recommended Procedure for. Studies of Landslides on Aerial
PhotoclraDhs

The American Society of Photogrammetry (1960) recommends the

following procedure for studies of landslides on aerial photographs.:

Scan all river bends and steep slopes in the study area for evidence of

sliding.

Outline areas having consistent associations of topography, drainage, and

other landscape elements.

Identify the general landslide potential of each delineated area.

Examine all land masses near river bends and all steep slopes above and

below road cuts or construction sites.

Draw lines through the axis of scars or crescents. These lines may point to

higher drainage ways which have contributed to the failure.

Predict the likelihood of future landsliding by looking at ponds, diverted

streams or drainage ways, faint lines showing subsurface drainage, and dark

patches of wet vegetation.

Ground check some of the existing landslides.

Determine the number of field samples of danger spots. Concentrate field

exploration on areas where soils and rock formations are complex or

doubtful.

The time spent field sampling can be much reduced when the air photo

interpreter identifies and delineates areas of interest.
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5.3. SPECIFIC DESCRIPTION OF TECHNIQUES UTILIZED FOR AERIAL
PHOTO INTERPRETATION FOR THIS STUDY

5.3.1. Interpretation of Aerial Photographs. Scale and Types of Aerial
Photographs Used

Panchromatic aerial photographs completely covering the north shore of

the John Day Reservoir were used for the landslide delineation in the study area.

The aerial photographs were taken on May 11, 1973. The scale of the aerial

photographs was determined by measuring features of known dimensions on

the aerial photographs. The approximate scale of the panchromatic aerial

photographs used for landslide investigation was 1:24,200. The scale of the

color infrared aerial photographs used for confirmation of the delineations was

1:24,000. All stereopairs were interpreted for landslides and landslide

susceptible terrain. A mirror stereoscope was used for the interpretation (Figure

5.3.1.1.). Figures 5.3.1.2. and 5.3.1.3. are examples of stereoscopic views of

mass movements on the north shore of the John Day Reservoir. Mylar paper

was overlain over the aerial photographs, so that the features of interest could be

delineated without damaging the aerial photographs. A total of 41 mass

movements were delineated and transferred onto the Landlside Reference Map

(Figure 7.1.). Different time and scale infrared aerial photography was used to

confirm the delineated areas. Measurements were taken of all delineated mass

movements. The measurements taken include the widths of the landslides (Wx

and Wc), the total length of the landslide (L), lengths of individual parts of the

mass movements (including Lf, Lm, Lx). Depth values (D) were estimated



Figure 5.3.1.1.: Mirror Stereoscope Used for the Interpretation of
Panchromatic Aerial Photographs.
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according to the process groups of the mass movements, determined through

visual classification (chapter 6.2.1.). Due to the age and large size of some

landslides, not all variables of interest could be determined for all landslides. A

total of 41 mass movements remained as a reliable data set for statistical

analysis. All measurements taken are included in the appendix (Appendices 2,

3, 4, and 5). The measurements taken were converted to true dimensions by

using the determined scale ratio.



Figure 5.3.1.2.: Stereoscopic View of the Roosevelt Slide, Arlington Area, WA, Panchromatic Aerial
Photographs, Approximate Scale 1:24,200.
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Figure 5.3.1.3.: Stereos of a I Slide and a Viscous Flow in the Wood Gulch Area, WA,
Panchromatic Aerial Ph Appr cale 1:24,200.



5.3.2. The Utilization of Airborne Videography

Aerial videography flown over the study area provided an updated

coverage of the study area's most recent conditions and overcame the limitations

set by limited coverage of the mass movements in the study area by the aerial

photographs. Two different altitudes were flown, resulting in multiscale

videography (1 :5,000 and 1:10,000). An 8 mm tape was used. True color

imagery was recorded.

Another advantage of airborne videography covering the mass

movements in the study area was the immediate recording of present conditions

in stereo viewing capability. Global Positioning System (GPS) navigation

tracking and recording was integrated, so that each image is accompanied by its

center point UTM coordinates. The data storage of the aerial videography was

found to be very compact and the data were easily reproduced. Further, lower

costs and easier image processing are advantages of aerial videography. The

airborne videography taken for this study has, however, a lower spatial resolution

than the aerial photographs used for the landslide delineation and

photogrammetry.
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5.4. FIELD INVESTIGATION

"By viewing nature, nature's handmaid art, makes mighty things from small

beginnings grow."

John Dryden (1631 - 1700), (Dryden in Cumberlege, 1953)

Although aerial photo interpretation was used to delineate general

landslide locations, ground reconnaissance was used to document field evidence

of delineated unstable areas. Field reconnaissance, including evaluating on-site

topographic, geologic, hydrologic, and vegetative indicators of slope instability,

was performed to confirm the delineated unstable areas and to investigate direct

and indirect evidence of recent sliding activity.

5.4.1. Topociraphic Features

Topographic features provide information on past and recent landslide

activity and on potential areas of instability. Terrain in which erosional

processes, such as active or dormant soil creep and deep-seated slump-

earthflows, occur is characterized by hummocky terrain. Hummocky topography

is also typical of old landslide deposits and was observed in the study area.

Topographic indicators that cannot be identified by air photo interpretation

include tension cracks and step displacement in the soil around the headwalls, or

tension cracks in the zone of bulging near the toe of earthflows visible as

pavement breaks. Brakes in the pavement of Highway 14 were observed during
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field investigation. Tension cracks around headwalls and flanks of hilislope

depressions or hollows indicate the precarious stability of the investigated sites.

Operations that reduce the overall soil shear strength at these sites, such as

construction activities, or vegetation conversion, could accelerate mass

movement in these unstable areas. Locally oversteepened portions of the

landscape, as found on the north shore of Lake Umatilla, are highly susceptible

to mass movements. Concave slopes are steepest near the upper elevations,

whereas convex slopes are steepest from the point of inflection to the valley

floor. The steepest portions of slopes have the highest landslide hazard. Mass

movement may occur in terrain oversteepened by fluvial downcutting or shoreline

erosion by waves.

5.4.2. Geolociv and Soil Features

Bedrock and soils are indicators of slope stability. Geologic and soil maps

provide general information on the physical properties of bedrock and soils.

Also, information on soils and underlying geology has not been published yet for

the study area (see 2.1. Literature Review on the Geology, Geomorphology, and

Soils of the Study Area). In general, faults and joints are two important types of

geologic discontinuities affecting slope stability. Major faults could not be located

on geologic maps or aerial photographs for the study area. Advanced

weathering of parent material is a sign of joints. Joints parallel to a hillslope

create a zone of weakness. Translational failures can occur along those zones.
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For landslide analysis of the study area the type of parent material and the

orientation of bedding are the most important geologic and soil features.

Orientation of bedding planes affects slope stability. On the north shore of Lake

Umatilla, bedding planes approximately parallel the slope of the hillside. Under

such conditions, any excavation into weathered bedrock will remove support and

increase the hazard of translational failures. The orientation of bedding planes

along the shoreline of Lake Umatilla also explains why many landslides were

delineated along the north shore, whereas only one small sliding area was

delineated along the southern shoreline.

Certain rock sequences, such as intrusive contacts between igneous and

sedimentary rocks, provide clues of instability and can be highly unstable.

Intrusion of the igneous mass causes fracturing and partial metamorphosis of the

sedimentary rock. Overlying sedimentary rocks may weather when water is

trapped above relatively impermeable metamorphic or igneous rock. According

to Swanson and James (1975), large slumps and earthflows have been

observed in areas where competent flow rocks, such as basalt, overlie

incompetent pyroclastic rocks, such as tuff or breccia. Translational failures can

occur in the incompetent layers. The competent rock acts as a failure surface

(Sidle, 1985). When undercut by excavation or fluvial erosion or when

overloaded by embankments or structures, poorly consolidated mudstones or

clays may slump. Weathering of the clayey matrix of conglomerates causes loss

of competence and may contribute to slope failure. Mass wasting hazard is also

present at sites with buried pockets of unconsolidated colluvium. Such pockets
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may represent old slump escarpments that were filled in by colluvium (Sidle,

1985).

5.4.3. Hvdrolociic Indicators

Indicators of wetness and poor drainage are signs of unstable areas.

Poor drainage may be indicated by the concentration of surface water on

portions of the slope, such as sag ponds. Sag ponds may develop at the base of

the main scarp of rotational failures and throughout slow moving translational

failures. In the study area, lush grassy glades in the otherwise dry, hummocky

terrain provided clues to potential failure sites. Also, steep hillside depressions

may be potential debris avalanche sites because they tend to concentrate soil

moisture and groundwater.

Due to the dry climate in the study area, hydrologic indicators, such as

dark gray or gleyed appearance of soils caused by the reduction of iron, or soil

mottling, caused by oxidation of iron components in the soil, could not be found.

Due to the low annual precipitation, soils are not saturated in the study area.

5.4.4. Vegetative Indicators

Vegetation often is an indicator of localized differences in soil moisture

and of past sliding activity. Due to the dry climate in the study area, hydrophytes

could not be found in areas with potential higher soil moisture. Other common

vegetative indicators for landsliding activity, such as tilted trees growing on old
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slump-earthflows or around the headwalls of newly developing slumps, or tipped

trees on debris avalanche-prone slopes around potential headwall failure are not

present in the desert/shrub/steppe vegetation province of the study area.

5.4.5. The Application of the Global Positioning System (GPS) for Field
Investigation

The GPS (Global Positioning System) is a satellite-based navigation

system developed by the United States Department of Defense. It was originally

designed for military applications and provides worldwide navigation coverage

with accuracy to 15 meters (49 feet). GPS uses satellite ranging to determine

positions in relation to a set of satellites orbiting the earth. Twenty-four satellites

continuously send radio signals containing precise position and time information.

The GPS receiver can determine its position by knowing the position of three or

four satellites and calculating the time differences between the transmitted

signals. The GPS continuously updates its position and provides speed and

track information.

For ground truthing the measurements taken from the aerial photographs,

a Garmin 40 GPS unit was utilized. The Garmin 40 is a channel GPS unit. For

ground truthing, we entered the UTM coordinates of the landslides delineated

from the panchromatic 1973 airphoto sets into the Garmin 40. The UTM

coordinates were taken from topographic maps corresponding to the aerial

photographs. While in the field, the study area landslides are difficult to

recognize because they seem to form their own landscapes. The pre-entered
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coordinates were used for locating the landslides. The GPS was also used for

ground truthing the width and length measurements taken off the aerial

photographs. Way points and distance measurements were recorded. Blank

work sheets developed for the field investigation exercise using GPS are

included in Appendix 1.

5.5. METHODS FOR SLOPE STABILITY ANALYSES AND MASS MOVEMENT
PREDICTION

5.5.1. Slope Stability Analyses Based on the Limit Equilibrium Theory

Analytical techniques for the determination of slope stability have been

developed. Several analyses are based on the limit equilibrium theory. These

analyses compute an average factor of safety defining the ratio of the stresses

resisting failure and the stresses inducing mass failures. Sidle (1985)

summarizes three main types of stability analyses: planar slip surface (infinite

slope) analysis, circular slip surface analysis, and non-circular slip surface

analysis.

According to Sidle (1985), planar infinite slope analysis has been applied

by O'Loughlin (1974), Swanston (1974), Ward (1981), Megahan (1981), and

Sidle and Swanston (1982). Infinite slope models incorporate the vegetative

weight per unit area, the weight of the soil, the height of the water table, and soil

thickness. These parameters were impossible to be determined in the study

area due to project limitations.



5.5.1.1. Stability Analysis of Shallow Slides

Shallow slides are the most common form of instability on natural slopes.

In shallow slides, thin (1 to 2 m) weathered mantles usually cover the main

hillmass, which is hard rock. A stability analysis was developed by Henkel and

Skempton in 1954. Stability analyses of shallow slides assume a failure surface

which is approximately planar and parallel to the surface. According to Carson

(1972), the great length of the slope relative to the depth justifies ignoring the

edge and side effects of the slide. The failure plane is assumed to be at

constant depth, and the soil mantle is assumed to be uniform along the slope.

The stability of a single column of soil is assumed to indicate the stability of the

slope as a whole (Carson, 1972).

The stability of a slope is measured by the ratio of shear strength resisting

a slide and shear stress inducing mass movement. The factor of safety (Fs) is

calculated using the formula Fs = sit, where s is the shear strength along the

soil column, and t is the shear stress along that soil column. The shear stress is

determined by the bulk unit weight of the soil, the depth to the failure plane, and

the slope angle. The downslope component of the weight of the soil column is

expressed as stress in this equation. Shear strength is calculated from an

effective stress analysis resulting from total normal stress and pore pressure

along the soil column (Carson, 1972).

This analysis was not applied because the parameters for the

determination of the factor of safety, such as the depth of the failure plane, the
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weight and the pore pressure of the soil column could not be determined due to

temporal and funding limitations of the project coinciding with the large spatial

extent of the study area. The mass movements of the study are too large to

apply such stability analysis. The properties of the weathered zone on the

slopes of Lake Umatilla as well as the geology of the study area are poorly

understood (see chapter 3.3.). Furthermore, this stability analysis has been

specifically developed for clay zones. Carson (1972) points out that the stability

analysis for shallow slides is applicable to only a very limited range of mass

movements.

5.5.1.2. Stability Analysis of Deep-Seated Slips

Carson (1971), Sevaldson (1956), Fellenius (1927), and Taylor

(1937) developed stability analyses for deep-seated slips. Deep-seated slips are

confined to clayey soils. Deep-seated failures in rocks often occur on plane

surfaces, whereas deep-seated failures in clay masses are rotational failures.

Deep planar slides are rare. Because of the cohesion in clayey soils, shear

stress increases more rapidly with depth than the shear strength does. At

greater depth, the shear stress can be larger than the strength of the mass.

Deep-seated failures can occur on a curved slip surface, when the depth of a

valley created through stream-downcutting reaches the critical depth of the soil

mass. The unit weight of the clay mass, the factor of safety (see chapter

5.5.1.1.), and the most critical slip circle have to be determined for a slope
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stability analysis for deep-seated slides. Bishop and Morgenstem (1960)

prepared stability charts for deep-seated slides. These charts use pore-pressure

ratios (ratio of the total pore pressure to the total weight of the soil) for the

stability analysis.

This analysis was not applied since neither pore pressure nor the factor of

safety could be determined for the mass movements along the north shore of

Lake Umatillla. The limitations to the determination of the factor of safety for the

study sites stated in chapter 5.5.1.1. do not allow this type of stability analysis.

Also, the uniformity of the clay mass is assumed for the analysis described

above. The study area is too large an area for the assumption of a uniformity of

physical properties.

5.5.1.3. Stability Analysis of Earthflows

Earthflows are instability features, in which the majority of the movement

takes place as a viscous liquid. Earthflows occur on quick or extra-sensitive

clays, such as the late glacial-marine clays in Norway. Natural water content

values are likely to be high for earthflows to occur (Carson, 1972). Bjerrum

(1954) developed a stability analysis for earthflows in Norway, which is very site

specific and not applicable to the study area.
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5.5.2. Mass Wasting Prediction Methods

5.5.2.1. Caine's (1980) Threshold Relation

Caine (1980) summarizes 73 studies observing debris slide and debris

avalanche occurrence, providing a basis for predicting shallow, rapid failures

based on data on mean intensity and duration of rainfall for a particular storm.

Caine's (1980) method assesses the likelihood of slope movements during large

rainstorms. Caine (1980) determined threshold values, whose exceedence by

average rainfall intensity indicates the likelihood of debris slides or avalanches.

Return periods for various combinations of rainfall intensity and duration inducing

debris slides or avalanches can be determined in areas where local or regional

precipitation characteristics are well known. However, Caine (1980) assumes

saturated antecedent conditions, since his threshold relationship is based on

failures that occurred with the minimum input of rainfall. Sidle (1985) criticizes

Caine's (1980) method, stating that another threshold relation indicating whether

soil saturation could physically occur for different average intensity-duration

relations should be added to Caine's (1980) method. Further, Caine's (1980)

threshold relationships are for slopes undisturbed by agriculture, timber

harvesting, construction, or toe erosion. A discrimination between natural and

human induced failure might be better (Sidle, 1985).

Caine's (1980) threshold method applies specifically to mass movements

that start as shallow debris slides and are transformed into debris avalanches or

debris flows. Different failure mechanisms are not well predicted by Caine's
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(1980) rainfall-intensity-duration threshold (Sidle, 1985). This was shown by

Crozier's (1980) study of landslides in Wairaparapa, New Zealand, and Owen's

(1981) later study of these landslides. Owen (1981) concentrated on the failure

mechanism of these landslides, which was liquefaction of the subsoil caused by

the long duration of relatively steady rainfall gradually saturating the soil.

5.5.2.2. Crozier and Eyles's (1980) Antecedent Rainfall Method

Crozier and Eyles (1980) use antecedent rainfall and wetness for their

regional prediction method. Therefore, their method requires more data

including a daily assessment of the soil water status. This assessment is

necessary to run a soil water balance in conjunction with an antecedent excess

rainfall index. According to Crozier and Eyle's (1980) data plots, slides were

induced by low rainfall intensity with high antecedent excess rainfall whereas no

slides occurred during similar precipitation intensities under deficit soil moisture

storage conditions (Sidle, 1985).

Peuman's (1948, 1963) evaporation calculations are used for Crozier and

Eyle's (1980) antecedent rainfall method. Peuman's (1948, 1963) calculations

are based on data on mean temperatures, vapor pressure, sunshine hours, and

windspeed. Crozier and Eyles (1980) modify Peuman's model by taking a 10-

day period of decline of excess rainfall into account. With that model, the

likelihood of landsliding on any day can be figured by adding the accumulated
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rainfall for the day to the soil water status of the previous day and plotting the

result on the landslide threshold graph (Sidle, 1985).

Data requirements include regional data on soil mantle thickness, soil

thickness, and soil moisture storage capacities. Provided the necessary data are

available, this model can be utilized for regional predictions of mass movements.

Due to the data requirements of the model and since daily assessments are

necessary, this method was neither applicable for the project nor would it be

practical for future landslide prediction for the John Day Pool area.

5.5.3. The Applicability of the Prediction Methods and the Analytical Slope
Stability Analyses to the Analysis on the Slope Stability of the North Shore of
Lake Umatilla

The applicability of the analytical and quantitative techniques described

above was questioned by the author because of the large and unknown spatial

and temporal variation in the physical slopes along the north shore of Lake

Umatilla. The stability analyses may be applicable to current mass movement of

smaller dimensions than the mass movements on the north shore of the John

Day Reservoir. The large spatial extent of the majority of the mass movements

on the north shore of the John Day Reservoir makes an assumption of uniform

physical properties impossible. Further, it does not allow for the determination of

the depth of the mass movements. Therefore, the determination of the factor of

safety relying on estimates for weight and depth of the soil column was

impossible. Selby (1985) states that detailed field observations may be more
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valuable in interpreting or predicting the possibility of mass failures than

quantitative and analytical methods.

Caine's (1980) Threshold Relation is not suitable for the dry climate of the

study area. Requirements, such as slopes undisturbed by agriculture or

construction, and the avoidance of toe erosion are not met. Furthermore,

Caine's (1980) method is limited to certain failure mechanisms only. The data

requirements for Crozier and Eyles' (1980) prediction method could not be met.

This research was limited by several factors, such as the largely unknown

geology of the study area and the large size of the mass movements

accompanied by difficulties in estimating the depth of the slides. The study area

is too complex and too large to use simplifying assumptions necessary for

mathematical analyses. Funding limitations did not allow for the determination of

water pressures, the determination of the cohesion along joints forming a

potential slide plane, and shear box tests of the rock. In addition, the high

degree of heterogeneity in soil properties, such as unit weight, thickness,

moisture content, permeability, and strength parameters on natural slopes make

the estimation of the quantitative factors which the stability analyses rely on

questionable.

According to the research limitations explained above, a morphometric

analysis rather than an analytical analysis was chosen. Croziers (1973)

morphometric analysis of landslides is explained below.



5.6. CROZIER'S MORPHOMETRIC ANALYSIS

5.6.1. General Description of Crozier's Morphometric Analysis

Crozier (1973) studied 66 landslips in the Dunedin district of eastern

Otago, New Zealand, and developed a technique for the morphometric analysis

of landslips that involves seven morphometric indices. Each index indicates the

process responsible for producing variation in the landslip form. The

measurements give an indication on the degree of dilation, flowage,

displacement, viscous flow, tenuity, and fluidity. Using the depth/length ratio as

a numerical parameter, Crozier (1973) classified these mass movements into

five primary process groups.

There is an inverse relationship between the measures of landslip fluidity

and the deptMength ratio. According to Crozier's (1973) study, this relationship

is best explained by a higher degree of saturation on slopes with a thinner

regolith cover.

Crozier's (1973) morphometric analysis is based on the close association

between the morphology of a landslip and its major genetic process. The

relationship between the morphometric indices and the dominant genetic

process is statistically tested. The process groups determined by Crozier (1973)

are fluid flows including mass wasting processes such as mudf lows, debris flows,

and debris avalanches; viscous flows (Figures 5.3.1.3., 6.2.1.2., and 6.2.1.3.)

including earthflows, and bouldery earthflows; slide-flows including slumps and

flows; planar slides including turt glides, debris slides, and rockslides; and
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rotational slides (Figures 5.3.1.3., 6.2.1.1., 6.2.1.2., and 6.2.1.3.) including earth

and rock slumps.

5.6.2. MorDhometric Indices

Crozier's (1973) morphometric analysis uses the seven morphometric

indices which relate to processes that generated variations in the form elements

of the mass movements. The major processes that respond to the indices are

dilation, flowage, displacement, viscous flow, attenuation, and fluid flow. The

depth/length ratio is called the Classification Index and gives a measure of the

relative depth indicating the primary mass wasting process.

5.6.2.1. The Classification Index D/L

The Classification Index is the ratio of true depth (D) and overall length (L)

of a Iandslip. True depth is the maximum depth of the displaced mass prior to its

displacement.

Classification Index = D/L

The ratio is expressed as a percentage. As reviewed by Crozier (1973),

D/L ratios have been used by several scientists including Skempton (1953),

Davidson (1965), Selby (1967), McLean & Davidson (1968), and Crozier (1968,

1969).



5.6.2.2. The Dilation Index

The Dilation Index is the ratio of the width of the convex part of the

landslip over the width of the concave part.

Dilation Index = Wx/Wc

The Dilation Index measures the landslip shape and, therefore, is a useful

parameter in classification.

5.6.2.3. The Flowage Index

The Flowage Index has the potential of indicating fluidity of a landslip at

the time of occurrence, water content, and the rate of mass displacement. The

Flowage Index is calculated using width and length measurements.

(Wx/Wc-1 )*Lm/Lc*1 00%

Lm represents the length of the displaced material, Lc represents the length of

the concave part of the landslide.
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6. Statistical Analysis of Delineated Mass Movements

"It is a capital mistake to theorize before one has data."

Sir Arthur Conan Doyle (1858 - 1930), (Doyle, in Cumberlege, 1953)

A total of 41 complete data sets was available for the statistical analysis

of the mass movements delineated on the north shore of the John Day Pool.

These data sets are the groups of data left after the exclusion of incomplete

measurement sets.

6.1. STATISTICAL ANALYSIS OF THE SIZE CHARACTERISTICS OF THE
MASS MOVEMENTS ON THE NORTH SHORE OF THE JOHN DAY POOL

The size measurements taken and statistically analyzed are listed below.
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Table 6.1 .1. Measurements Used for Statistical Analysis of the Mass Movements
Delineated.

Wc Width of the concave slide area
Wx Width of the convex slide area
L Apparent total length of the mass movement
Lf Length of the foot of the slide
Lm Length of the convex slide area
Lr Length of the concave slide area
D Estimated depth of the mass movement



6.1.1. Lenath Measurements

Length measurements for 41 landslides were taken from aerial

photographs using the mirror stereoscope. The measured variables, illustrated

in Figure 6.1.1.1., were the total length of the mass movement (L), the length of

the concave part of the mass movement (Lr), the length of the convex part of the

mass movement (Lm), and the length of the foot of the landslide (Lf). All length

measurements could be taken for the 35 landslides delineated. Due to

insufficient coverage of the slides on the aerial photographs, no Lr

measurements could be taken for two landslides (landslides #36 and 37). Since

the toes of four of the 41 delineated landslides were not visible on the aerial

photographs, no Lr measurements could be taken for these mass movements

(landslides # 13, 15, 32, 38). The original data set of the 35 landslides with

complete length measurements was used to do a multiple linear regression using

least squares for Lm on Lr. The coefficients found are listed in Tables 6.1.1.1.

and 6.1.1.2..

Table 6.1.1.1. Coefficients of Length Data.
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Value Standard t value Pr(>ltl)
Error

Intercept 1.5421 1.1138 1.3846 0.1741
log(Lr) 0.6707 0.1747 3.8396 0.0004
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Table 6.1.1.2. Statistical Analysis of Length Data.

According to the significant relation between Lr and Lm, the regression

analysis was used to complete the four missing values for Lr and the two missing

values for Lr. The following formula determined from the above statistics was

used for the completion of the length measurement data set.

log(Lm) = 1.5421 + 0.6707 * log(Lr)

log(Lr) = (log(Lm) - 1.5421) / 0.6707

A multiple linear regression analysis using the logarithmic values of Lm and Lr

showed evidence of a significant relationship between Lm and Lr (Figure

6.1.1.2.).

Residual standard error 0.8466 on 39 degrees of freedom
Multiple A-squared 0.2743
F-statistic 14.74 on 1 and 39 degrees of

freedom
p-value 0.000441



chromatic
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Figure 6.1.1.2.: Multiple Linear Regression Using Least Squares for Log(Lm) and
Log(Lr).

Using the completed length data set, values for the apparent total length

of the mass movements delineated could be determined (Appendix 2). Figure

6.1.1.3. illustrates the frequency distribution for the apparent total length of the

mass movements on the north shore of Lake Umatilla. The majority of the mass

movements delineated are over 1,000 meters (3,280 feet) long, which are

dimensions not comparable to previously reviewed landslide studies. Several

mass movements are larger than 2,000 meters (6,561 feet). The extremely large

dimensions of the mass movements on the north shore of the John Day

Reservoir limit the applicability of Crozier's morphometric analysis (see chapter

6.3.).
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Figure 6.1.1.3.: Frequency Distribution for Apparent Total Length (20 Bins).



6.1.2. Width Measurements

Forty-four sets of width measurements were taken from the panchromatic

aerial photographs. A total of 41 measurements was used for the statistical

analysis in order to consistently use the same mass movements that were used

for the length data analysis for the entire statistical analysis (Appendix 3). The

measured variables, illustrated in Figure 6.1.2.1., were Wc and Wx. Due to

insufficient coverage of the mass movements # 26, 40, and 38, a multiple linear

regression using least squares was done for Wc and Wx. The coefficients for

this analysis are listed in Table 6.1.2.1. A strong relation between the two

variables Wc and Wx was determined, proven by a very small p-value and a

multiple R-squared of 82.85 percent.

Table 6.1.2.1. Coefficients of Width Data.

Table 6.1.2.2. Statistical Analysis of Width Data.
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Value Standard t value Pr(>ltl)
Error

Intercept 131.2790 73.5661 1.7845 0.0821
log(Lr) 0.8973 0.0654 13.7245 0.0000

Residual standard error 325 on 39 degrees of freedom
Multiple R-squared 0.8285
F-statistic 188.4 on 1 and 39 degrees of

freedom
p-value 1.11e-16
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Figure 6.1.2.2. illustrates the best fit line of the width measurements Wc

and Wx. Using the formula for the best fit line determined by the multiple linear

regression, the missing value for Wx was calculated for mass movement # 38.

Expected Wx = Intercept + 13 (Wc)

Wx = f3 + 13 (Wc)

Wx = 131.28+0.8973 (Wc)

Wc = (Wx - I ) / 1

Figure 6.1.2.2.: Line of the Best Fit for Multiple Linear Regression Using Least
Squares for the Width Measurements over the Concave and Convex Slide Area.
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Average width values were determined using the measurements Wc and

Wx. These values are listed in Table 6.1.2.3.. The following two histograms

(Figures 6.1.2.3., and Figure 6.1.2.4.) show frequency distributions of the width

measurements on the concave parts of the landslide (Wc) and on the convex

part of the landslides (Wx). Both the width measurements of the concave and

the convex part of the mass movements show their maximal widths in a range

between 150 and 1,200 meters (492 and 3,937 feet).

Table 6.1.2.3. Average Width and Number of Mass Failures.

Consulting the histograms of Wc and Wx, and the regression analysis

(Tables 6.1.2. 1., and 6.1.2.2.), an average width value was determined for each

pair of Wc and Wx measurements. A histogram for the average width

measurements using 5 bins was done (Figure 6.1.2.3.). The minimum average

Average Width in Meters Number of Failures

150 5
314 7
478 5
642 6
806 5
970 4
1,134 2
1,298 2
1,627 1

2,119 1

2,775 1

2,939 1

3,267 1



Figure 6.1 .2.3.: Frequency Distribution of Average Width (5 Bins).
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width is 68.2 meters. The maximum average width was determined to be

3.3491e03 meters. The mean average width of the mass movements

delineated is 849.9 meters, and the median average width is 647.4 meters. The

standard deviation was calculated as 757.6 meters, indicating the variety in

average width of the mass movement population along the northern shore of

Lake Umatilla. The mass movements observed occur in a wide range of length

and width dimensions.
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Figure 6.1.2.4.: Frequency Distribution of Average Width (20 Bins).
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To further illustrate the dispersion of width measurements, a histogram

using 20 bins was also done (Figure 6.1.2.4.). As the histogram illustrates, 78

percent of the landslides delineated fall into the 10 to 1,000 meter (32 to 3,280

feet) range. Twenty-two percent of the landslides were wider than 1,000 meters

(3,280 feet).
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6.1.3. Depth Estimates

Due to the large size of the mass movements on the north shore of the

John Day Pool, depths were impossible to measure. The depths of the mass

movements were estimated using the Depth Index, which is also called the

Classification Index. The determination of the Depth Index is based on the

visual classification of the mass movements delineated. Chapter 6.2.1. explains

how the Depth Index was determined. Using the known value for the total length

(L) and the Depth Index, which is a depth over length ratio, the depths for the

mass movements were estimated. The author is aware of the degree of

inaccuracy involved in such a procedure.

6.1.4. Slope Measurements

"Slope of the land is one of the most important attributes of landscape to

geographers, geologists, land planners, engineers, and many other field

scientists, yet it/s one of the most difficult to measure with precision."

Norman J.W. Thrower and Ronald U. Cooke (Thrower and Cooke, 1968 in
Wheeler, 1986)

Forty-six slope measurements were obtained by measuring the distance

over ground that the mass movement covers and the lowest and the highest

elevation of the mass movement. Panchromatic aerial photographs and United

States Geologic Survey (U.S.G.S.) topographic maps were used for these

measurements. The slope angle was determined using simple trigonometry.
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Figure 6.1 .4.1.: Frequency Distribution of Slope Angles.
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tan a = elevation difference / distance over ground

tan a = a / b

The following histogram (Figure 6.1.4.1.) illustrates the frequency

distribution for mass movements occurring at specific slope angles. Most mass

movements occurred at slope angles between 6 and 12 degrees. A list of slope

angles is included in Appendix 4. Forty-one slope measurements were used for

statistical analysis. In order to keep a consistent data set, only the length and

width measurements corresponding to the mass movements were analyzed.

Histogram of Average Slope Angle
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6.1.5. Summary Statistics of Size Characteristics
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Table 6.1.5.1. Summary Statistics for Length, Width, Slope, and Depth
Measurements.

L [m] Lm [m] Lr Em] Lf [m] Wx [m} Wc [m] D [m] Slope [0]

[1,] 672.3 348.6 298.8 24.9 747.0 547.8 162.9 15.2

[2,] 286.4 74.7 199.2 12.5 149.4 99.6 69.4 10.4

[3,] 547.8 323.7 124.5 99.6 622.5 672.3 132.7 5.9
[4,] 2216.1 1170.3 846.6 199.2 1668.3 1743.0 537.0 6.9

[5,] 2016.9 747.0 896.4 373.5 622.5 473.1 67.4 7.0
[6,] 273.9 124.5 124.5 24.9 199.2 149.4 9.1 8.5
[7,] 1120.5 423.3 448.2 249.0 796.8 348.6 271.5 8.0

[8,] 1817.7 348.6 722.1 747.0 896.4 622.5 60.7 11.1

[9,] 1045.8 423.3 224.1 398.4 249.0 572.7 34.9 13.6

[10,] 2390.4 124.5 1294.8 971.1 697.2 199.2 79.8 19.6
[11,] 1792.8 174.3 1020.9 597.6 1095.6 722.1 59.9 17.2
[12,] 1718.1 224.1 547.8 946.2 547.8 448.2 57.4 16.9

[13,] 2222.8 629.2 1494.0 99.6 3610.5 3087.6 538.6 20.8
[14,] 2315.7 448.2 1469.1 398.4 1120.5 622.5 77.3 5.9
[15,] 1295.9 349.7 622.5 323.7 522.9 24.9 43.3 10.7

[16,] 1195.2 149.4 846.6 199.2 373.5 373.5 39.9 7.4
[17,] 3062.7 348.6 2365.5 348.6 3187.2 2838.6 742.1 8.4
[18,] 1693.2 448.2 1045.8 199.2 1020.9 1444.2 56.6 14.1

[19,] 2614.5 796.8 1294.8 522.9 2116.5 2116.5 633.5 11.4

[20,] 1568.7 597.6 846.6 124.5 697.2 547.8 52.4 10.4
[21,1 1842.6 771.9 672.3 398.4 796.8 996.0 61.5 5.8
[22,] 1593.6 747.0 672.3 174.3 249.0 423.3 53.2 8.7

[23,] 2689.2 1693.2 846.6 149.4 971.1 1120.5 89.8 8.0

[24,] 1245.0 124.5 1020.9 99.6 622.5 1245.0 41.6 7.9
[25,] 423.3 99.6 298.8 24.9 298.8 373.5 14.1 7.3

[26,] 547.8 273.9 249.0 24.9 273.9 144.5 132.7 11.8
[27,] 697.2 199.2 448.2 49.8 547.8 846.6 168.9 11.2

[28,] 498.0 49.8 373.5 74.7 622.5 672.3 120.7 10.6

[29,] 398.4 49.8 298.8 49.8 323.7 398.4 96.5 12.1

[30,] 1045.8 298.8 747.0 0.0 871.5 597.6 253.4 9.2
[31,] 1469.1 796.8 672.3 0.0 1120.5 1245.0 49.1 10.4
[32,] 512.9 189.2 249.0 74.7 547.8 24.9 17.1 13.8

[33,] 3187.2 1967.1 1095.6 124.5 2539.8 3037.8 772.3 9.3

[34,1 473.1 74.7 348.6 49.8 722.1 24.9 15.8 6.6

[35,] 747.0 124.5 448.2 174.3 1195.2 1294.8 57.2 4.8
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Table 6.1.5.1. (Continued): Summary Statistics for Length, Width, Slope, and
Depth Measurements.

6.1.6. Statistical Tests for Mass Movement Size Characteristics

The relationship of average width versus apparent total length for both

separate lines and together lines (Appendix 7) were tested for statistical

significance. The concept of distinguishing between together and separate lines

is explained in Appendix 7. Figure 6.1.6.1. shows the best fitted lines for the

multiple regression using least squares for separate lines. The analysis for

together lines is included in Appendix 7.8..

There is a significant relationship between average width and apparent

total length for together and separate lines. It is true for all failures, that the

average width of the mass movements increases with increasing apparent total

length (Figure 6.1.6.1.).. The multiple linear regression using least squares for

separate lines shows largest increases in width with increasing length for

Viscous Flows. The average width of Rotational Failures only increases slightly

with increasing length.

[36,] 3959.4 996.0 2963.4 0.0 1120.5 1245.0 132.2 6.2
[37,] 4511.5 1095.6 3415.9 0.0 760.9 846.6 150.7 9.7

[38,] 201.9 102.3 99.6 0.0 87.2 49.2 6.7 3.0

[39,] 946.2 298.8 572.7 74.7 448.2 448.2 31.6 8.1

[40,] 1942.2 498.0 1369.5 74.7 871.5 722.1 64.9 7.9
[41,] 348.6 149.4 174.3 24.9 174.3 174.3 11.6 3.6



Table 6.1.6.1.: Coefficients for Average Width and Apparent Total Length for
Separate Lines (VF = Viscous Flow).

Table 6.1.6.2.: Statistical Analysis of Average Width Versus Apparent Total
Length for Separate Lines.
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A - - - - Viscous Flow
- Rotational Slide

All Failures
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Figure 6.1.6.1.: Multiple Linear Regression Using Least Squares for Average
Width Versus Apparent Total Length for Separate Lines.

Value Standard
Error

t value Pr(>ltl)

Intercept -144.4069 317.7984 -0.4544 0.6522
VF 834.0791 404.6907 2.0610 0.0464
Length 1.9485 0.1866 10.4414 0.0000
VF: Length -1 .5716 0.2303 -6.8256 0.0000

Residual standard error 710.5 on 37 degrees of freedom
Multiple R-squared 0.7966
F-statistic 48.3 on 3 and 37 degrees of freedom
p-value 7.121e-13



6.2. DETERMINATION OF MORPHOMETRIC INDICES AND STATISTICAL
ANALYSIS

6.2.1. Determination of the Depth Index

The most limiting part of the statistical analysis of the mass movements

assessed was the determination of the Depth Index, which, according to

Crozier's (1973) morphometric analysis, indicates the Process Group of the

mass movement and is a mean for classification. Since the dimensions of the

mass movements along the north shore of the John Day Pool are extremely

large, depth measurements could not be taken and no reliable depth data were

available. The Classification Index, which is also called Depth Index, could not

be utilized if based on Crozier's (1973) suggested formula

Depth Index= D/L* 100%.

The visual interpretation of the panchromatic aerial photographs was used

instead. Cues for the recognition of different types of mass movements were

utilized to classify the delineated mass movements. Figures 6.2.1.1. to 6.2.1.3.

illustrate the process of slide identification and classification. Panchromatic

aerial photographs (Figures 6.2.1.1.a. to 6.2.1.3.a.) were used for mass

movement identification amd classification. The analysis was supported by

U.S.G.S 7.5 minute topographic maps (Figures 6.2.1.1.b. to 6.2.1.3.b.) and the

preparation of slide profiles (Figures 6.2.1.1.c. to 6.2.1.3.c.). Table 6.2.1.1.

summarizes the interpretation, which was used for the determination of a

quantitative measure for the Depth Index. The two major process groups

101



102

identified were Rotational Failures (Figures 6.2.1.1. to 6.2.1.3.) and Viscous

Flows (Figures 6.2.1.2. and 6.2.1.3.).

Table 6.2.1.1. Visual Classification of Mass Movements into Process Groups: RS
= Rotational Slide, VF = Viscous Flow, PS = Planar Slide.

Number of Aerial Photograph Number of Mass Movement Process Group
025 1 RS
025 2 RS
025 3 RS
025 4 AS
035 5 VF
035 6 VF
036 7 AS
037 8 VF
037 9 VF
039 10 VF
039 11 VF
039 12 VF
039 13 AS
040 14 VF
040 15 VF
040 16 VF
043 17 AS
043 18 VF
044 19 RS
044 20 VF
044 21 VF
044 22 VF
045 23 VF
046 24 VF
046 25 VF
047 26 AS
047 27 AS
048 28 AS
048 29 AS
048 30 AS
051 31 VF
051 32 VF
053 33 AS



Table 6.2.1.1. (Continued): Visual Classification of Mass Movements into
Process Groups: RS = Rotational Slide, VF = Viscous Flow, PS = Planar Slide.

After the determination of the process groups, Crozier's (1973) statistical

summary of the morphometric indices of each process group was used to

determine a quantitative value for each process group (Table 6.2.1.2.). The

process groups of the slides delineated were Rotational Slides, Viscous Flows,

and one Planar Slide. Crozier aligned the following quantitative values to the

process groups represented in the study area along the north shore of the John

Day Pool.
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Table 6.2.1.2. Statistical Summary of the Depth Index for Three Process Groups,
Modified after Crozier (1973).

The values for the Depth Index shown in Table 6.2.1.2. were used to

determine a quantitative measure for the Classification Index for each mass

060 34 VF
062 35 PS
066 36 VF
066 37 VF
066 38 VF
085 39 VF
085 40 VF
085 41 VF

Process Group Rotational Slide Viscous Flow Planar Slide
mean 24.23 3.34 7.66
standard deviation (SD) 19.28 1.39 5.92
mean + SD 43.52 4.73 13.58
mean - SD 4.95 1.95 1.74
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movement analyzed along the northern shore of Lake Umatilla. A list of

estimated depth values and values for the Depth Index is included in Appendix 5.



0Figure 6.2.1.1 .a.: Stereoscopic View of a Rotational Failure in the Sundale Area, WA, Panchromatic Aerial
Photographs, Approximate Scale 1:24,200.



Figure 6.2.1.1 .b.: Location of Rotational Slides (Profiles 1, 2, and
3), Sundale Quadrangle, Washington-Oregon, 7.5. Minute Series.

Figure 6.2.1.1.c.: Illustration of the Steep Parent Slope (Profile 1),
Horizontal Scale 1:24,000, Vertical Exaggeration 3.937x.
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Figure 6.2.1.1.d.: Profile of a Rotational Failure (Profile 2),
Horizontal Scale 1:24,000.

Figure 6.2.1.1 .e.: Profile of a Rotational Failure (Profile 3),
Horizontal Scale 1:24,000.
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Figure 6.2.1 .2.a.: Stereoscopic View of a ilure and a Viscous Flow in the Golgotha Butte Area,
WA, Panchromatic Aerial Photographs, A cale 1:24,200.



Figure 6.2.1.2.b.: Location of a Rotational Failure (Profile 1) and
a Viscous Flow (Profile 2), Golgotha Butte Quadrangle
Washington -Oregon, 7.5 Minute Series.
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Figure 6.2.1 .2.c.: Profile of a Rotational Failure (Profile 1) in the
Golgotha Butte Area, Horizontal Scale 1:24,000.
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Figure 6.2.1 .2.d.: Profile of a Viscous Flow (Profile 2) in the Golgotha
Butte Area, Horizontal Scale 1:24,000.
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Figure 6.2.1 .3.b.: Location of a Rotational Failure (Profile 1) and a
Viscous Flow (Profile 2) on Top of the Rotational Failure, Heppner
Junction Quadrangle Washington-Oregon, 7.5 Minute Series.

Vertical Exaggeration 3 937x

Figure 6.2.1.3.c.: Profile of a Rotational Failure (Profile 1) in the
Heppner Junction Area, WA, Horizontal Scale 1:24,000.
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Figure 6.2.1 .3.d.: Profile of a Rotational Failure (Profile 2) in the
Heppner Junction Area, WA, Horizontal Scale 1:24,000.

113



6.2.2. Summary Statistics of MorDhometric Indices

Using the formulas for the morphometric indices developed by Crozier

(1973) and explained in chapter 5.5.2., the following quantitative measures were

determined for the 41 mass movements analyzed along the north shore of Lake

Umatilia.

Table 6.2.2.1. Statistical Summary for Morphometric Indices.
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D/L Dii. Ten. Flow. Vflow. Disp. Fluid.
[1,] 24.23 1.36 1.08 39.16 0.15 0.92 -65.62
[2,] 24.23 1.50 0.35 17.65 0.18 0.94 -62.09
[3,] 24.23 0.93 1.44 10.70 0.75 0.56 -45.51
[4,] 24.23 0.96 1.12 4.80 0.37 0.81 -56.82
[5,] 3.34 1.32 0.59 18.58 5.54 0.71 -43.33
[6,] 3.34 1.33 0.83 27.78 2.72 0.83 -42.17
[7,] 24.23 2.29 0.61 78.06 0.92 0.64 10.84
[8,] 3.34 1.44 0.24 10.44 12.30 0.49 -72.91

[9,] 3.34 0.43 0.68 38.43 11.41 0.36 -57.75
[10,] 3.34 3.50 0.05 13.74 12.16 0.57 -114.11
[11,] 3.34 1.52 0.11 5.57 9.98 0.63 -109.34
[12,] 3.34 1.22 0.15 3.33 16.49 0.37 -110.44
[13,] 24.23 1.17 0.39 6.69 0.18 0.94 -127.11
[14,] 3.34 1.80 0.24 19.20 5.15 0.79 -36.95
[15,] 3.34 21.00 0.37 739.17 7.48 0.66 657.83
[16,] 3.34 1.00 0.14 0.00 4.99 0.81 -64.33
[17,] 24.23 1.12 0.13 1.58 0.47 0.87 -67.72
[18,] 3.34 0.71 0.36 10.55 3.52 0.84 -88.19
[19,] 24.23 1.00 0.44 0.00 0.83 0.71 -85.09
[20,] 3.34 1.27 0.62 16.78 2.38 0.87 -62.95
[21,] 3.34 0.80 0.72 14.42 6.47 0.63 -41.48
[22,] 3.34 0.59 0.88 36.33 3.27 0.79 -34.32
[23,1 3.34 0.87 1.70 22.67 1.66 0.85 -44.36
[24,] 3.34 0.50 0.11 5.56 2.40 0.91 -61.39
[25,] 3.34 0.80 0.31 6.15 1.76 0.92 -57.28



Table 6.2.2.1. (Continued): Statistical Summary for Morphometric Indices.

6.2.3. Statistical Tests for Morphometric Indices

6.2.3.1. Summary of Statistical Tests for Relationships Among Morphometric
Indices

Several relationships among the morphometric indices were tested for

significance. Appendix 8 presents an overview of the mass movement

population failing to meet statistical tests (Figure A.8.). The relationships of

Dilation Index versus Classification Index (Appendix 7.1.), Tenuity Index versus

slope angle (Appendices 7.2., and 7.3.), Tenuity Index versus Viscous Flow

Index (Appendix 7.4., and 7.5.), Tenuity Index versus Displacement Index

(Appendices 7.6., and 7.7.), and Displacement Index versus Viscous Flow Index

(Appendix 7.8.), were tested for significance. The statistical test used was the
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[26,] 24.23 1.90 1.00 89.55 0.19 0.91 2.58
[27,] 24.23 0.65 0.40 14.12 0.29 0.90 -69.72
[28,] 24.23 0.93 0.11 0.82 0.62 0.83 -79.89
[29,] 24.23 0.81 0.14 2.68 0.52 0.86 -85.83
[30,1 24.23 1.46 0.40 18.33 0.00 1.00 -54.90
[31,] 3.34 0.90 1.19 11.85 0.00 1.00 -67.88
[32,] 3.34 22.00 0.58 1227.43 4.36 0.77 1130.25

[33,] 24.23 0.84 1.61 26.43 0.16 0.90 -47.40
[34,] 3.34 29.00 0.19 525.00 3.15 0.88 465.10
[35,1 7.66 0.92 0.20 1.54 3.05 0.72 -49.16
[36,] 3.34 0.90 0.34 3.36 0.00 1.00 -54.34
[37,] 3.34 0.90 0.32 3.25 0.00 1.00 -72.87
[38,] 3.34 1.77 1.03 79.23 0.00 1.00 38.14
[39,] 3.34 1.00 0.46 0.00 2.36 0.88 -67.88
[40,] 3.34 1.21 0.34 7.13 1.15 0.95 -59.56
[41,] 3.34 1.00 0.75 0.00 2.14 0.88 -44.06
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multiple linear regression analysis using least squares. The tests and their

results are listed in Appendix 7. The mass movements on the north shore of

Lake Umatilla did not meet the statistical tests. No significant relationship was

found with the exception of the relationship of Displacement Index versus

Viscous Flow Index.

6.2.3.2. Statistical Analysis of the Relationship of Displacement Index Versus
Viscous Flow Index for Separate Lines

The relationship of Viscous Flow Index and Displacement Index was

significant. The displacement of Viscous Flows was proportional to the Viscosity

of the flows. The more viscous the flows, the greater their displacement. As

illustrated in Figure 6.2.3.1., Rotational Failures are carried by momentum rather

than by viscosity. They do not break into flows, the entire mass rotates to a

different position along the hilislope. Therefore, Rotational Slides are more

dependent on slope than on viscosity. Figure 6.2.3.1. also confirms the visual

classification of the mass movement population, since it clearly distinguishes the

two process groups Viscous Flows and Rotational Failures by their dependence

on viscosity.
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Table 6.2.3.1. Coefficients for Displacement Index and Viscous Flow Index for
Separate Lines.

Table 6.2.3.2. Statistical Analysis of Displacement Index Versus Viscous Flow
Index for Separate Lines.

Value Standard
Error

I value Pr(>ltI)

Intercept 0.9986 0.0269 37.1195 0.0000
VF -0.0319 0.0314 -1.0149 0.3168
Vflow -0.3888 0.0551 -7.0500 0.0000
VF : Vflow 0.3491 0.0552 6.3236 0.0000

Residual standard error 0.05698 on 37 degrees of freedom
Multiple R-squared 0.8897
F-statistic 99.47 on 3 and 37 degrees of

freedom
p-value 0



- Viscous Flow
Rotational Shde
All Failures
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Figure 6.2.3.1.: Best Fitted Line for the Multiple Linear Regression of
Displacement Index Versus Viscous Flow Index Using Least Squares (Separate
Lines).



7. Results and Discussion

Forty-six mass movements could be delineated on the north shore of the

John Day Pool; 41 of these were used for statistical analysis. All landslides

delineated were classified as Rotational Slides and Viscous Flows. The bedrock

paralleling the slopes on the north shore of Lake Umatilla and the oversteepened

slopes from the glacial Lake Missoula floods support mass movement activity on

the north shore. The south shore of the reservoir shows only minor landsliding

activity. The bedrock sloping away from the hillslopes does not support mass

movement processes on the southern shoreline. Two major areas of mass

movement activity along the northern shore are located between river miles 216

and 235, and between miles 239 and 259 (Figure 7.1.). In these mass wasting

areas, several slide phases were noted on top of each other. Ancient landslides

underlie younger ones. The entire northern shore west of rivermile 268 is highly

susceptible to new landsliding, due to the high susceptibility of reactivating old

slides.

The mass movements were analyzed through measurements taken from

panchromatic aerial photographs at a scale of 1:24,200. The scale of 1:24,200

was chosen because of the large dimensions of the mass movements in the

study area. This scale is considerably smaller than the scales recommended by

Gagnon (1975), Foggin Ill and Rice (1979), and Mintzer (1985), [see chapter 2.3.

literature review] on the use of aerial photography for landslide assessment and
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slope stability analysis. Larger scales, such as the recommended scale of

1:5,000, would have required many photographs to cover the mass movements.

Crozier's (1973) morphometric analysis of mass movements is not

suitable for mass movements of such large dimensions as on the north shore of

the John Day Pool. Measurable size characteristics were the width over the

concave and convex slide part, and the apparent total length, as well as the

lengths of the head, foot, and displaced mass. Due to the large size of these

mass movements, the size characteristic 'depth' could not be measured. Depth

values were estimated based on the visual classification of the mass movements

delineated and based on Crozier's (1973) determined depth - Depth Index

relationship. The estimated depth values limited the entire morphometric

analysis considerably. Depth values are essential for Crozier's (1973)

morphometric analysis.
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8. Conclusions

Aerial imagery interpretation was useful to delineate and measure surface

features of slides. The large spatial extent of the mass movements on the north

shore of Lake Umatilla required the utilization of small scale aerial photography.

Field examination was essential to delineate ground motion evidence. Due to

the magnitude of the paleoslides, and lack of information on their 'triggers',

traditional landsliding prediction methods and engineering solutions were

impossible to utilize. While the potential to predict sliding activity on the northern

shore of Lake Umatilla is limited, the delineation of active features and

determination of the frequency of mass wasting was found useful to estimate the

slope stability. The assessment of the current slope stability on the northern

shore of the John Day Pool allows for concluding on the future slope stability

under fluctuating water level conditions. Since the landsliding potential is high

under current conditions, mass movement processes must be expected if the

water level of the reservoir fluctuates. Specific areas of note, including river

miles 216 to 235, and 239 to 259, have a high risk of being affected by a

fluctuating water level. A fluctuating water level may cause erosion of the toes of

old slides and slide reactivation in these areas.
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Worksheet 1:

133

Slope measurements:

Landslide # top middle toe sLope measurement (degrees / percent)

Topographic map:
Airphoto #:

Observations I Remarks:

APPENDIX I

Blank Worksheets for Field Investigation

Landslide Slope Measurements



Length measurements:
Landslide # L

[L

OPS Position I GPS Position 2 length[I

Observations I Remarks:

f, Lm, Lr, or Lc

APPENDIX I (Continued)

Worksheet 2:

Landslide Width and Length Measurements

Topographic map:
Airphoto #:

Width measurements:
Landslide # Wc Wx GPS Position 1 GPS Position 2 width

i: ]
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T

Trees downslope

Trees which have pistol butts or

Signs otcracks in buildings or
fences

Broken alignment of linear
objects
Recent repairs on road and
rail road
Stands of vegetation of the same
age

Steep breaks

Concave

Zones of

(Spring)

APPENDIX I (Continued)

Worksheet 3:

Key for landslide identification - direct and indirect evidence of sliding activity

Location:
UTM:

Topographic map:
Airphoto #:
Slides taken:

Table:

Landslide# Landslide# Landslide# Landslides Landslide#

errains with steep slopes

which lean

Trees which appear to be
drunken

bent trunks

in slopes

Poorly drained and saturated
soil conditions

- convex shape

Zones of debris accumulation
(including signs of "falling
rock"

debris transportation
(heavily eroded)
Radial and lunar tension cracks

Heavily jointed or slickensided
rock
Other features

Remarks and observations:
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[5,]

[12,]

APPENDIX 2

Data Set of All Mass Movements with Complete Lenath Measurements

3']
4,]

ru,]

17,]

[18,]
[19,1

22,]

:25,1

Table A.2.: Length Measurement (in Meters) of All Mass Movements.
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L Fm] Lm [m] Lr [m] Lf [m]
672.3 348.6 298.6 24.9
286.4 74.7 199.2 12.45
547.8 323.7 124.5 99.6
2216 1170 846.6 199.2
2017 747 896.4 373.5

273.9 124.5 124.5 24.9
1121 423.3 448.2 249
1816 348.6 722.1 747

1046 423.3 224.1 398.4
2390 124.5 1295 971.1
1793 174.3 1021 597.6
1718 224.1 547.8 946.2
2223 629.2 1494 99.6
2316 448.2 1469 398.4
1296 349.7 622.5 323.7
1195 149.4 846.6 199.2

3063 348.6 2366 348.6
1693 448.2 1046 199.2
2615 796.6 1295 522.9
1569 597.6 846.6 124.5

1843 771.9 672.3 398.4
1594 747 672.3 174.3
2689 1693 846.6 149.4
1245 124.5 1021 99.6

423.3 99.6 298.8 24.9
547.6 273.9 249 24.9
697.2 199.2 448.2 49.6

496 49.8 373.5 74.7
398.4 49.8 298.8 49.6
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Table A.2. (Continued): Length Measurement (in Meters) of All Mass
Movements.

APPENDIX 2 (Continued)

[30,] 1046 298.8 747 0

[31,] 1469 796.8 672.3 0

[32,] 512.9 189.2 249 74.7

[33,] 3187 1967 1096 124.5

[34,] 473.1 74.7 348.6 49.8

[35,] 747 124.E 448.2 174.3

[36,] 3959 996 2963 0

[37,] 4512 1096 3416 0

[38,] 201.9 102.3 99.6 0

[39,] 946.2 298.6 572.7 74.7

[40,] 1942 498 1370 74.7

[41,] 348.6 149.4 174.3 24.9
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APPENDIX 3

Width Measurements

Wc [cml Wx 1cm] Nc [ml Wx [ml

Table A.3.: Width Measurements of All Mass Movements.

1 2.2 2 547.8 747
2 0.4 0.6 99.6 149.4
2 2.7 2.5 672.3 622.5
4 7 6.7 1743 1668.3
5 1.9 2.5 473.1 622.5
6 0.6 0.6 149.4 199.2
7 1.4 3.2 348.6 796.8
8 2.5 3.6 622.5 896.4
(1

1 572.7 249
10 0.6 2.6 199.2 697.2
11 2.9 4.4 722.1 1095.6
12 1.6 2.2 448.2 547.6
13 12.4 14.5 3087.6 3610.5
IA 4.5 622.5 1120.5
15 0.1 2.1 24.9 522.9
16 1.5 1.5 373.5 373.5
17 11.4 12.8 2838.6 3187.2
18 5.6 4.1 1444.2 1020.9
19 8.5 8.5 2116.5 2116.5
2C 2.2 2.8 547.8 697.2
21 4 3.2 996 796.6
22 1.7 1 423.3 249
22 4.5 3.9 1120.5 971.1
24 5 2.5 1245 622.5
25 1.5 1.2 373.5 298.8
26 C 1.1 144.5 273.9
27 3.4 2.2 846.6 547.8
28 2.7 2.5 672.2 622.5
29 1.6 1.2 398.4 323.7
30 2.4 3.5 597.6 871.5
31 5 4.5 1245 1120.5
32 0.1 2.2 24.9 547.8
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Table A.3. (Continued): Width Measurements of All Mass Movements.

APPENDIX 3 (Continued)

32 12.2 10.2 3037.8 2539.8
35 0.1 2.9 24.9 722.1
36 5.2 4.8 1294.8 1195.2
37 5 4.5 1245 1120.5
38 3.4 0 846.6 760.g
4C 0 0.35 49.2 87.15
42 1.8 1.8 448.2 448.2
42 2.9 3.5 722.1 871.5
44 0.7 0.7 174.2 174.3
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APPENDIX 4

Elevation and SloDe Measurements

Table A.4.1.: Slope Measurements of All Mass Movements.

L[cm] Elevation
Difference [m]

Ground
Distance
1cm]

3round
Distance
rml

rangent of Slope Angle
Slope

1 2.40 76.20 398.40 3.96 0.19 10.83

2 13.30 365.76 1419.30 14.19 0.26 14.45

3 7.60 213.36 1419.30 14.19 0.15 8.55
4 16.70 457.20 1743.00 17.43 0.26 14.70

5 7.50 201.17 871.50 8.72 0.23 13.00
6 2.15 60.96 224.10 2.24 0.27 15.22

7 2.15 54.86 298.80 2.99 0.16 10.40
8 3.65 73.15 709.65 7.10 0.10 5.89
9 8.7C 188.96 1556.25 15.56 0.12 6.92

1C 3.7C 79.25 647.40 6.47 0.12 6.98

11 3.9C 91.44 610.05 6.10 0.15 8.52
12 4.1C 94.49 672.30 6.72 0.14 8.00
13 14.40 368.81 1879.95 18.80 0.20 11.10

14 7.70 207.26 859.05 8.59 0.24 13.56

15 3.70 106.68 298.8C 2.99 0.36 19.65

16 9.00 249.94 809.25 8.09 0.31 17.16

17 6.05 170.69 560.25 5.60 0.30 16.94

18 8.00 231.65 610.05 6.10 0.38 20.79

19 7.90 152.40 1481.55 14.82 0.10 5.87

20 4.10 103.63 547.80 5.48 0.19 10.71

21 10.80 240.79 1842.60 18.43 0.13 7.45
22 15.30 356.62 2415.30 24.15 0.15 8.40
23 5.05 137.16 547.80 5.46 0.25 14.06

24 4.40 115.82 572.70 5.73 0.20 11.43

25 7.20 182.88 996.00 9.96 0.18 10.40

26 11.80 228.60 2241.00 22.41 0.10 5.82
27 13.80 326.14 2141.40 21.41 0.15 8.66

28 14.00 341.38 2440.20 24.40 0.14 7.96
29 8.6C 198.12 1419.30 14.19 0.14 7.95
30 6.8C 149.35 1170.30 11.70 0.13 7.27
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APPENDIX 4 (Continued)

Table A.4.1. (Continued): Slope Measurements of All Mass Movements.

Table A.4.2.: Total Elevation and Elevation Differences of All Mass Movements.

31 3.4C 88.39 423.3C 4.23 0.21 11.79
32 11.6C 295.6 1494.00 14.94 0.2C 11.19
33 6.6C 167.64 896.40 8.96 0.19 10.59
34 3.2C 85.34 398.40 3.98 0.21 12.09
35 5.00 120.40 747.00 7.47 0.1 9.16
36 5.35 137.1 747.00 7.47 0.1 E 10.40
37 6.00 164.59 672.30 6.72 0.24 13.76
38 6.00 146.3C 896.40 8.96 0.1 9.27
39 7.5C 155.45 1344.60 13.45 0.12 6.59
40 3.5C 60.9 722.10 7.22 0.0 4.83
41 8.10 161.54 1494.00 14.94 0.11 6.17
42 8.1C 198.12 1157.85 11.58 0.17 9.71
43 4.35 51.82 996.00 9.96 0.05 2.98
44 1.8C 42.67 298.80 2.99 0.14 8.13
45 9.1C 207.2 1494.00 14.94 0.14 7.90
46 8.50 112.Th 1817.70 18.1 0.0 3.55

Minimum
Elevation
rftl

Maximum Elevation
Elevation Difference [ft]
Fftl

Elevation
Difference [m]

1 250 500 25C 76.20
2 600 1800 120C 365.7
3 1100 1800 70C 213.3
4 900 2400 150C 457.20
5 900 1560 660 201.17
6 300 500 200 60.9
7 560 740 180 54.8
8 720 960 24C 73.15
9 320 940 620 188.96

10 460 720 26C 79.25
11 480 780 300 91.44
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APPENDIX 4 (Continued)

Table A.4.2. (Continued): Total Elevation and Elevation Differences of All Mass
Movements.

12 500 81C 310 94.49
1 380 159C 1210 368.81
14 910 159C 680 207.26
15 1130 148C 350 106.66
16 400 122C 820 249.94
17 600 1160 560 170.69
16 300 1060 760 231.65
19 1100 1600 500 152.40
2C 860 1200 340 103.63
21 690 1480 790 240.79
22 270 1440 11 7C 356.62
2 410 860 45C 137.16
24 960 1340 380 115.82
25 270 870 60C 182.86
26 350 1100 75C 228.60
27 270 1340 107C 326.14
28 270 1390 112C 341.36
29 740 1390 65C 198.12
30 250 740 49C 149.35
31 470 760 29C 88.39
32 27C 1240 97C 295.6
33 410 960 550 167.64
34 27C 550 28C 85.34
35 27C 665 395 120.4C

36 27C 720 45C 137.16
37 21C 750 540 164.59
38 20C 680 480 146.30
39 22C 730 510 155.45
40 29C 490 200 60.96
41 26C 79C 530 161.54
42 270 920 650 198.12
43 310 480 170 51.82
44 260 400 140 42.67
45 260 940 680 207.26
46 330 700 370 112.78



[21,]

[29,]

APPENDIX 5

List of Estimated Death Values and Depth Indices

Table A.5.1.: Depth Index (Depth/Length Ratios), Length Measurements, and
Depth Estimates.
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L [ml D/L

[1,] 672.3 1 62.g 24.22

[2,] 286.35 69.382 24.22

[3,] 547.8 132.72 24.22

[4,] 2216.1 536.9 24.22

[5,] 2016.9 67.364 3.34

[6,] 273.9 9.1483 3.34

:7,] 1120.5 271.5 24.22

:8,] 1817.7 60.711 3.34

:9,] 1045.8 34.93 3.34

10,] 2390.4 79.839 3.34

[11,] 1792.8 59.88 3.34

12,] 1718.1 57.385 3.34

r131] 2222.8 538.58 24.22

[14,] 2315.7 77.344 3.34

15,] 1295.9 43.283 3.34

r16,1 1195.2 39.92 3.34

r17,1 3062.7 742.09 24.22

[18,1 1693.2 56.553 3.34

[19,] 2614.5 633.49 24.23
20,] 1568.7 52.395 3.34
[21,] 1842.6 61 .543 3.34
[22,] 1593.6 53.226 3.34

[23,] 2689.2 89.819 3.34
[24,] 1245 41.582 3.34

[25,] 423.3 14.138 3.34

[26,] 547.8 132.72 24.23
[27,] 697.2 168.92 24.23

[28,] 498 120.67 24.23

[29,] 398.4 96.532 24.23

[30,] 1045.8 253.4 24.22



144

[39,]

Table A.5.1. (Continued): Depth Index (Depth/Length Ratios), Length
Measurements, and Depth Estimates.

APPENDIX 5 (Continued)

[31,] 1469.1 49.06E 3.34

[32,] 512.9 17.131 3.34

[33,] 3187.2 772.26 24.23

34,] 473.1 15.802 3.34

[35,] 747 57.22 7.66

[36,] 3959.4 132.24 3.34

[37,] 4511.5 150.68 3.34

[38,] 201.9 6.7435 3.34

[39,] 946.2 31.603 3.34

[40,] 1942.2 64.869 3.34

[41,] 348.6 11.643 3.34



APPENDIX 6

Flowage Index Calculation

The Flowage Index is a ratio of the Dilation Index over the Tenuity Index

of a mass movement. The formula used was developed by Crozier (1973).

Flowagelndex=IWx/Wc-1 ILm/Lc*100%

A multiple linear regression using least squares was conducted for the Flowage

Index and the slope angles. The coefficients determined are listed in Table

Table A 6.1.: Coefficients for Flowage Index and Slope Data.

Residual standard error 2.159 on 39 dearees of freedom
Multiple R-scivared 0.01483
F-statistic 0.587 on 1 and 39 degrees of freedom
o-value 0.4482

Table A.6.2.: Statistical Analysis of Flowage Index and Slope Data.

Tables A 6.1. and A 6.2. show the insignificance of the relationship

between slope and Flowage Index A p-value of 0.4482 and an A-squared of

0.01 483 does not indicate any significance.
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A.6.1..

Value Standard t value Pr(>ltl)
Error

Intercept 1.6290 0.9033 1.8033 0.0791

Slope 0.0650 0.0848 0.7661 0.4482



APPENDIX 7

Appendix 7.1. Statistical Analysis of the Relationship of Dilation Index Versus
Process Group (Classification Index)

As shown on Tables A 7.1.1. and A 7.1.2., and as illustrated with Figure A

7.1.1., the relationship between Dilation Index and Classification Index is not

significant.

Value Standard t value Pr(>ItI)
Error

Table A 7.1.1.: Coefficients for Dilation Index versus Process Group.

Table A 7.1.2.: Statistical Analysis of Dilation Index and Classification Index.
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Intercept 0.4374 0.2082 2.1013 0.0421
Dilation Index -0.01 30 0.0144 -0.9005 0.3734

Residual standard error 0.9084 on 39 decirees of freedom
Multiole R-sauared 0.02037
F-statistic 0.81 08 on 1 and 39 degrees of

freedom
D-value 0.3734
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APPENDIX 7.1 (Continued)

5 10 15 20 25
Process (D/L)

A Viscous Flow
Rotational Slide

Figure A 7.1.1.: Multiple Linear Regression of Log(Dilation Index) Versus
Process Group.



APPENDIX 7 (Continued)

Appendix 7.2. Statistical Analysis of the Relationship of Tenuitv Index Versus
Slope Anqle for Toqether Lines

The relationship between Tenuity Index and Slope Angle for the entire

mass movement population is not significant (Tables A.7.2.1., and A 7.2.2.;

Table A 7.2.1.: Statistics for Tenuity Index vs. Log(Slope) for Together Lines.

Residual standard error 0.4212 on 39 dearees of freedom
Multiole R-sauared 0.0536
F-statistic 2.209 on 1 and 39 deqrees of freedom
0-value 0.1453
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Table A 7.2.2.: Statistical Analysis of Tenuity Index and Log(Slope) for Together
Lines.

Figure A 7.2.1.).

Value Standard t value Pr(>ltl)
Error

Intercept 0.4374 0.2082 2.1013 0.0421
Loq(slope) -0.0130 0.0144 -0.9005 0.3734
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APPENDIX 7.2. (Continued)

a
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a a
a £
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Log Slope

A Viscous Flow
A Rotational Slide

Figure A 7.2.1.: Multiple Linear Regression of Tenuity Index Versus Log(Slope
Angle) for Together Lines.
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APPENDIX 7 (Continued)

A 7.3. Statistical Analysis of Tenuity IndexVersus Loci(Slope Ancile) for SeDarate
and Together Lines (Includes Exølanation of Analysis for Tociether and SeDarate
Lines)

150

Table A 7.3.1.: Statistics for Tenuity Index Versus Log(Slope Angle) for Separate
Lines.

Table A 7.3.1. shows the multiple regression analysis for least squares

for separate lines for the Tenuity Index and the parent slope angle for Viscous

Flows and Rotational Slides. The Intercept includes Rotational Slides only. The

row Viscous Flow (VF) adds the additional effect of the inclusion of data for

Viscous Flows. Log(Slope) includes slope measurements for Rotational Slides

only. Log(Slope) : VF analyses the difference in slope or intercept between

Rotational Slides and Viscous Flows. No significant difference between Viscous

Flows and Rotational Slides could be determined.

Value Standard
Error

t value Pr(>ltl)

lnterceDt 1.8920 0.8560 2.2102 0.0334
VF -0.8977 0.9432 -0.9517 0.3474
Loq(Slope) -0.5290 0.3642 -1.4525 0.1548
Loa(Slooe) : VF 0.2988 0.4065 0.7349 0.4670



APPENDIX 7.3. (Continued)

Residual standard error 0.4168 on 3 and 37 degrees of
freedom

Multiple R-squared 0.1207
F-statistic 1.693 on 3 and 37 dearees of freedom
p-value 0.1853

Table A 7.3.2.: Statistical Analysis of Tenuity Index and Log(Slope Angle) for
Together Lines.

The regression line of Tenuity Index on parent slope is shown below

(Figure A 7.3.1.). Since no significant relationship was found, tenuity cannot be

seen as a m.easure of fluidity indicating the water content of the mass

movement. The author expected indications of higher tenutiy for Viscous Flows

than for Rotational Slides for a particular slope angle.
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APPENDIX 7.3. (Continued)
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Figure A 7.3.1.: Multiple Linear Regression for Tenuity Index Versus Log(Slope
Angle) for Separate Lines

As a result of the multiple linear regression analysis, the relationship of

tenuity and slope of the mass movements is not significant for neither separated

nor together lines.
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APPENDIX 7 (Continued)

A 7.4. Statistical Analysis of Tenuity Index Versus Viscous Flow Index for
Tociether Lines

The statistical analysis of Tenuitiy Index versus Viscous Flow Index did

not show any significance for together lines.

Table A 7.4.1.: Coefficients for Tenuity Index and Square Root of Viscous Flow
Index for Together Lines.

Residual standard error 0.4064 on 39 dearees of freedom
MultiDle R-sauared 0.1191
F-statistic 5.271 on 1 and 39 dearees of freedom
D-value 0.02715

Table A 7.4.2.: Statistical Analysis of Tenuity Index Versus Viscous Flow Index
for Together Lines.
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Value Standard
Error

t value Pr(>ltI)

Interceot 0.7473 0.1053 7.0951 0.0000
SQRT of -0.1350 0.0588 -2.2958 0.0271
Viscous Flow
Index
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APPENDIX 7.4. (Continued)
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Figure A 7.4.1.: Multiple Linear Regression Using Least Squares for Tenuity
Index Versus Square Root of Viscous Flow Index for Together Lines.



APPENDIX 7 (Continued)

A 7.5. Statistical Analysis of Tenuity Index Versus Viscous Flow Index for
Separate Lines

No significant relationship was found for Tenuity Index versus Viscous

Flow Index for separate lines.
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Table A 7.5.1.: Coefficients for Tenuity Index and Square Root of Viscous Flow
Index for Separate Lines.

Residual standard error 0.4171 on 37 deqrees of freedom
MultiDle R-sauared 0.1195
F-statistic 1.674 on 3 and 37 decirees of freedom
p-value 0.1893

Table A 7.5.2.: Statistical Analysis of Tenuity Index Versus Viscous Flow Index
for Separate Lines.

Value Standard
Error

t value Pr(>ltl)

Intercept 0.7560 0.2819 2.6816 0.01 09
VF 0.0047 0.3242 0.0144 0.9886
SQRT (VF) -0.1663 0 .4446 -0.374 1 0.71 05
SQRT (VA : VF 0.0268 0.4507 0.0594 0.9530



APPENDIX 7 (Continued)

A 7.6. Statistical Analysis of Tenuity Index Versus Displacement Index for

Table A 7.6.1.: Coefficients for Tenuity Index and Displacement Index for
Together Lines.
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Table A 7.6.2.: Statistical Analysis of Tenuity Index Versus Displacement Index
for Together Lines.

Together Lines

Value Standard t value Pr(>ltI)
Error

lntercet 0.31 07 0.3373 0.9211 0.3626
Displacement 0.3036 0.41 21 0.7368 0.4657

Residual standard error 0.43 on 39 deqrees of freedom
Multiole R-sauared 0.01373
F-statistic 0.5429 on 1 and 39 degrees of

freedom
o-value 0.4657
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APPENDIX 7.6. (Continued)
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Figure A 7.6.1.: Multiple Linear Regression for Tenuity Index Versus
Displacement Index for Together Lines.
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APPENDIX 7 (Continued)

A 7.7. Statistical Analysis of Tenuitv Index Versus Displacement Index for
Separate Lines

The relationship of Tenuity Index versus Displacement Index was found

not significant for neither together nor separate lines.

Table A 7.7.1.: Coefficients for Tenuity Index and Displacement Index for
Separate Lines.

Table A 7.7.2.: Statistical Analysis of Tenuity Index Versus Displacement Index
for Separate Lines.
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Value Standard
Error

t value Pr(>ltl)

Intercept 1.5802 0.7980 1.9800 0.0552
VF -1.5044 0.8780 -1 .71 33 0.0950
Disolacement -1.0935 0.9380 -1 .1658 0.2512
VF: 1.6362 1.0434 1.5682 0.1253
D isDlacement

Residual standard error 0.4212 on 37 deirees of freedom
Multiole R-sauared 0.09939
F-statistic 1.361 on 3 and 37 degrees of

freedom
o-value 0.2697



APPENDIX 7 (Continued)

A 7.8. Statistical Analysis of Displacement Index Versus Viscous Flow Index for
Together Lines

Value Standard t value Pr(>Itl)
Error

Residual standard error
Multiple A-squared
F-statistic

D-value

Table A 7.8.1.: Coefficients for Displacement Index and Viscous Flow Index for
Together Lines.

0.09279 on 39 deqrees of freedom
0.6916
87.48 on 1 and 39 degrees of
freedom
1 .646e-1 1
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Table A 7.8.2.: Statistical Analysis of Displacement and Viscous Flow Index for
Together Lines.

Intercept 0.9107 0.0186 49.0772 0.0000
VFlow -0.0338 0.0036 -9.3524 0.0000



APPENDIX 7 (Continued)

A 7.9. Statistical Analysis of Average Width Versus Apparent Total Length for
Together Lines

Value Standard t value Pr(>ltl)
Error

Table A 7.9.1.: Coefficients for Average Width and Apparent Total Length for
Together Lines.

Residual standard error 1246 on 39 degrees of freedom
MultiDle R-sauared 0.3411
F-statistic 20.19 on 1 and 39 degrees of

freedom
p-value 6.11le-05
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Table A 7.9.2.: Statistical Analysis of Average Width and Apparent Total Length
for Together Lines.

lntercet 420.7377 344.8007 1.2202 0.2297
Lenath 0.8576 0.1909 4.4929 0.0001
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Figure A.8.1.: Graphical Display of the Multiple Linear Regression Tests for All Measures and Indices.
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$Fiscal Year
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
total

Lake Umatilla = river miles 215 to 292

APPENDIX 9 (Continued)

Us
5.890
9.533
34.434
7.961
22.455
22.237
7.563
16.905
55.069
8.572
44.769
no records
21 .538
no records
14.119
no records
46,688
24,054
34,1787 for 15 years of
record

163

Table A.9.: Highway Maintenance Costs for Highway 14, Fiscal Years 1978 -
1995.




